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ABSTRACT

Childres, Isaac Ph.D., Purdue University, December 2014. Effects of Energetic
Irradiation on Materials and Devices Based on Graphene and Topological Insulators.
Major Professor: Yong P. Chen.

This report focuses on the optical and electronic properties of graphene and
topological insulators and how these Dirac fermion systems interact with energetic
irradiation. We first present data exploring the effects of electron-beam and oxygen
plasma induced disorder on the electronic properties and Raman spectra of graphene.
These initial investigations were important for relating Raman peak intensities and weak
localization features to each other and to an average disorder length in graphene, LD.
We then integrate gate-effect measurements into the Raman spectroscopy study to
fully explore the relationships between carrier density, disorder and Raman spectrum
signatures. We find significant a dependence in the Raman spectra on both disorder and
carrier density and extract an electron-phonon coupling strength as a function of disorder,
which could prove valuable for understanding electron-phonon physics in doped and
disordered graphene.
We conclude the report with smaller chapters covering other investigations
undertaken during the period of study encompassed by this dissertation. This includes our
work investigating the use of graphene to modulate the intensity of perpendicular laser
light through changes in carrier density, as well as our work using graphene field-effect

xviii
devices as radiation sensors. We also investigate the etching rates and Raman spectra of
various topological insulators.
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1 INTRODUCTION

1.1 Graphene properties and significance
Graphene is a 2 dimensional hexagonal lattice of carbon atoms interconnected by
sp2 bonds (figure 1-1a). Its 2-dimensional nature necessitates that its charge carriers
mimic relativistic particles governed by the Dirac equation, rather than the Shroedinger
equation. This leads to a linear dispersion relation at the K points of the Brillouin zone,
also known as a “Dirac” cone (figure 1-1b [1]), where charge carriers in the graphene,
known as Dirac fermions, have no rest mass and a constant Fermi velocity vF = 106 m/s.
This leads to a host of interesting properties including incredibly high room-temperature
electronic and thermal mobility. [2]

Figure 1-1. (a) Carbon hexagonal lattice structure of graphene (credit: James Hedberg,
licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0
Unported License). (b) (Ref. 1) Graphene is a zero-gap semi-conductor. Its 2-dimensional
nature leads to a linear dispersion relation at the K points of the Brilluion zone, also
known as “Dirac” cones.
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Graphene has received much attention in the scientific community because of its
distinct properties and potentials in nanoelectronic applications. Many reports have been
made not only on graphene's very high electrical conductivity at room temperature [2, 3]
but also its potential use as next-generation transistors, [4] nano-sensors, [5] transparent
electrodes, [6] and many other applications.
In this report, we will focus on how graphene interacts with various radiations.
The main work presented investigates the creation of disorder in graphene through
electron-beam irradiation and oxygen plasma exposure and how the disorder affects
graphene’s electronic and optical properties. The effect of e-beam irradiation on graphene
and graphene devices is important because of the prevalence of electron beams in both
imaging of graphene, e.g. scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), and fabrication of graphene devices using electron beam lithography
(EBL). In addition, such studies are important to develop radiation-hard graphene-based
electronics that can stand up to extreme conditions such as charged particle irradiation in
space. [7] Many previous studies have also used energetic electrons to study disorder in
graphene. [8-13]
Plasma etching is also a common tool used to pattern graphene nanostructures,
such as Hall bars [3] and nanoribbons. [14] In addition, plasma etching is used to study
how graphene's properties are affected by etching-induced disorder. [15-20] Other
techniques that have been used to create artificial defects in graphene include ozone
exposure, [21] high-temperature oxidation [22] and energetic irradiation by positive ions
[23-29] and protons. [30]
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Graphene is also significant due to its transparency. [6] It can serve as both a top
electrode and a sensitive measurement tool of local electric fields for substrates that
interact with incoming radiation, such as solar cells or radiation sensors. We will briefly
present our work on graphene-based radiation sensors.
Lastly, graphene has been shown to reduce the intensity of laser light moving
perpendicular to its surface, with a light modulation dependent on its Fermi energy. This
phenomenon could have uses in high-frequency signal modulation, and we present our
work in this field as well.
1.2 Device fabrication
To record the majority of the data presented in this report, graphene field-effect
devices (GFETs) were required. In this section, we will provide an overview of the
device fabrication procedure, from substrate preparation to electrode deposition. For a
more in-depth, step-by-step approach, please refer to appendix A.
1.2.1 Preparation
All devices measured in this report, unless otherwise specified, were fabricated on
a 0.5 mm-thick heavily p-doped (room temperature resistivity < 0.005 ohm-cm) silicon
substrate covered with 300 nm of SiO2. This silicon is provided by vendors as large
wafers and the first processing step is to fabricate alignment marks. Alignment marks are
essential for late lithographic steps and also help searching for and documenting the
position of peeled graphene.
Alignment marks are most easily fabricated using standard optical lithographic
techniques. We first spin AZ1518 photoresist onto the wafers and then use mask aligners
to expose the wafer to UV through the proper mask. We can then develop the resist with
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the standard AZ developer and evaporate thin metal layers into the patterned holes
(typically 5 nm of chromium or titanium for adhesion and 35 nm of gold). Because the
integrity of the patterned alignment marks is not absolutely essential, the metal
evaporation can be performed in any accessible thermal evaporator, which can tend to
round out small features because of photoresist melting, or e-beam evaporator, which
generally yield higher quality features.
After evaporation, the excess gold is lifted off the substrate with a standard lift-off
procedure by soaking the wafers in acetone to dissolve the photoresist, then washing the
acetone off with isopropyl alcohol (IPA) and nitrogen drying.
Once the alignment marks are set, the substrate is cut up into more manageable
chips, typically 5 mm x 5 mm squares. This size allows the chips to fit into the e-beam
lithographer and chip holders for wire-bonding. Once broken into chips, the substrate is
cleaned again with a basic acetone/IPA cleaning process.
1.2.2 Peeling and identification
For the vast majority of our experiments, exfoliated graphene was used to make
devices. The exfoliated graphene flakes are prepared starting with highly ordered
pyrolytic graphite (HOPG, “ZYA” grade, figure 1-2a, from Momentive Performance
Materials). A thin layer of the HOPG is peeled off of the bulk using Scotch tape. The
graphite on the tape is then peeled between successive pieces of tape (figure 1-2b),
getting progressively thinner with each peeling. Eventually the graphene is ready to peel
onto the SiO2/Si substrate when it becomes semi-transparent and dispersed onto the tape
in many smaller crystals. Figure 1-2c shows a progression of tape peelings ranging from
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the initial peel off of the HOPG to peelings ready to be applied to the substrate (figure 12d).
This peeling process works because the carbon layers of graphite are weakly
bonded and the van der Waals force between them is not as strong as the force between
the graphite and the SiO2. So once the graphite pieces on the tape are applied to the
substrate, it is likely that when the tape is lifted the interlayer bonds will break, leaving
some amount of graphite on the substrate. [31] It is then a matter of finding the pieces
where only a single layer is left behind.

Figure 1-2. (a) The graphene peeling process begins with bulk highly ordered pyrolytic
graphite (HOPG), with a thin layer lifted off of the bulk with Scotch tape. (b) The HOPG
is then peeled between successive pieces of tape, (c) getting progressively thinner with
each peeling. (d) Eventually the graphene is ready to peel onto the SiO2/Si substrate.
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Affixed to 300nm of SiO2 on top of a silicon wafer, single layer graphene can
actually be seen with the human eye. It will appear as a slightly darker blue on the surface
of the blue SiO2. This contrast can be enhanced, however, by changing the RGB of the
microscope image to a redder hue. This is because most of the optical contrast between
the normal substrate and the substrate covered by graphene is for a range of wavelengths
~600 nm, which is close to the wavelength the cones of the human eye perceive as red.
[32]
Differentiating single-layer graphene from few-layer graphene, which are slightly
darker in hue, requires some experience, but once a possible single-layer sample is
identified, it can be confirmed through Raman spectroscopy. Figure 1-3 shows the
difference between single-layer graphene and multi-layer graphene Raman spectra.

Figure 1-3. Typical Raman spectra for single-layer graphene and bulk graphite. The
spectra are offset vertically for clarity. Graphene can be identified the position of its G
(1580 cm-1) and D (2690 cm-1) peaks and by its high ratio of the intensities of these peaks,
I2D/IG.

7
1.2.3 Electrode fabrication
Once single-layer graphene has been identified, the pre-defined alignment marks
are used to create electrode patterns using EBL software. Using an EVO40 scanning
electron microscope (SEM), we write this electrode pattern using EBL into polymethyl
methacrylate (PMMA) photoresist spun onto the chip. The PMMA is then developed and
thin layers of metal are again evaporated into the patterned holes. Because of the submicron features of the electrodes, electron-beam evaporation is used.
Depending on the measurement technique, patterned graphene devices may have
to be wire-bonded onto a G10 fiberglass chip carrier. This allows readout of electrical
signals through wired chip plugs as opposed to probe station tips. Wire-bonding is done
by first affixing the device chip to the carrier with GE varnish, then using indium to bond
gold wires from the patterned device pads to the chip carrier pins.
1.3 Measurement techniques
1.3.1 Raman spectroscopy
Raman spectroscopy uses a monochromatic laser to interact with molecular
vibrational modes (phonons) in a sample. Depicted in figure 1-4, incoming laser light will
excite an electron-hole pair, which can then either emit a phonon or absorb a phonon,
changing its energy. When the pair recombines and emits a new photon, the energy of the
photon will either be smaller (phonon emission, Stokes) or larger (phonon absorption,
anti-Stokes) than the incoming laser photon energy. This shift in energy is dependent on
the energy of the interacting phonon, and this shift can provide insight into the molecular
structure of the sample. [33]
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Because of the interactions between layers of graphene, the multi-layer
vibrational modes will be different than for single-layer graphene. [34] The main
identifier is the single-Lorentzian shape of the 2D peak at 2690 cm-1. As the number of
layers increases, the 2D peak splits into 4 overlapping Lorentzian curves due to the
interaction between the layers. Other identifiers of single-layer graphene are the high
ratio of peak intensities, I2D to IG, and the position and shape of the G peak at 1580 cm-1
(figure 1-3). In addition to being useful in identifying single-layer graphene, Raman
spectroscopy can also be used to characterize a number of different properties in
graphene, including carrier density and disorder. This will be discussed at length in
chapter 2. Measurements in this study were performed using a confocal microscope
system (Horiba Xplora) using a 532 nm laser.

Figure 1-4. Incoming monochromatic laser light, ωL, excites an electron-hole pair. This eh pair interacts with a phonon, losing energy and creating a lower-energy photon when
they recombine, ωSc.
1.3.2 Field-effect measurements
Electrodes are created on our graphene samples so that resistance can be
monitored. Resistance measurement can be done, as demonstrated in figure 1-5a, by
passing a fixed current (ISD) through 2 outside electrodes and measuring the voltage (V)
across 2 inner electrodes, allowing for a calculation of resistance (R = V/ISD). If the path
connecting the 2 inner electrodes is parallel to the path of the current, we measure a
transverse resistance (Rxx), and if the path is perpendicular, we measure a Hall resistance
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(Rxy). These resistances can be converted to a resistivity, ρ, by dividing by a geometry
factor, l/w, where l is the separation distance between the two inner electrodes and w is
the average width of the graphene sample between the two electrodes. We can then take
the inverse of ρ to find the conductivity, σ.
By making an electrical connection with the conductive Si substrate, we can
measure resistance as a function of back gate voltage (figure 1-5b). By applying a voltage,
Vg, across the 300nm SiO2 insulating substrate layer, we modulate the electric field
experienced by the graphene, which changes the Fermi level in the graphene. A positive
voltage applied to the back gate will lower the Fermi level, decreasing the initial amount
of hole doping to a charge-neutral “Dirac” point (CNP) at the center of the Dirac cone
(figure 1-1b), then farther into a state of electron-doping. [2] The point of minimum
conductivity, σmin, occurs at the CNP where the charge concentration is lowest. We can
also extract the field-effect mobility (µFET) by examining the slope of this field-effect
curve, σ versus Vg, where Vg is sufficiently far away from the CNP and the curve is in the
linear regime, using [35]

µ FET =

dσ
,
ε dVg
t

⋅

(1-1)

where t = 300 nm is the thickness of the SiO2 and ε = 3.9*ε0 = 3.45*10-11 F/m is the
permittivity of the SiO2.
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Figure 1-5. (a) A typical graphene device. 4-terminal conductivity measurements are
performed by supplying a constant current through the outside leads and measuring the
voltage across two of the inside leads. (b) A typical conductivity versus electric field
curve for graphene. The increasing perpendicular electric field from the back gate
decreases the Fermi level, moving the concentration of charge carriers from hole-doped
through the charge-neutral “Dirac” point (CNP) at the center of the Dirac cone to a state
of electron-doping. The point of minimum conductivity occurs at the CNP, where the
charge concentration is lowest. The electron and hole mobilities can also be extracted
from the slopes of the curve on each side of the CNP.
1.3.3 Quantum Hall measurements
The half-integer quantum Hall effect (QHE) is another important measurement to
perform in graphene samples. Due to the quantization of graphene’s electronic spectrum,
when a perpendicular magnetic field is applied to the graphene, the spectrum splits into
Landau levels. In the zones between these Landau levels, at low temperatures, the charge
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carrier concentration is zero, resulting in σxx = 0 and σxy constant as a function of charge
density, n, which can be modulated by Vg. This effect can be seen in figure 1-6. [36]
The Hall conductance, σxy, becomes constant at specific quantized values: [2]

σ xy = ±

1

with ν = 4 N +  ,
2

h

νe 2

(1-2)

where h is the Planck constant and e is the electron charge.

Figure 1-6. (Ref. 36)High-quality quantum hall effect seen in graphene. (a) Rxy (black)
and Rxx (red) measured as a function of magnetic field at T = 30 mK and Vg = 15 V. The
vertical arrows indicate the filling factors of the quantum Hall states. The horizontal lines
correspond to h/e2 values. The QHE in the electron-doped graphene is shown by at least
two quantized plateaus in Rxy, with vanishing Rxx in the corresponding magnetic field
regime. The inset shows the QHE for hole-doping at Vg = -4 V, measured at 1.6 K. (b) A
schematic diagram of the Landau level density of states and corresponding quantum Hall
conductance (sxy) as a function of energy. (c) Rxy (black) and Rxx (orange) as a function of
gate voltage at fixed magnetic field B = 9 T, measured at 1.6 K. The same convention as
in (a) is used.
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The factor of 4 in the quantization index appears because of the double valley and
double spin degeneracy. The index is also shifted over by a half-integer because of
coupling between pseudospin and orbital motion, which accumulates an extra π-shift in
the phase of quantum oscillations, also known as the Berry’s phase.
1.3.4 Weak localization features
The last valuable electronic measurement tool used in this report is low-field
magneto-transport, specifically looking at the phenomenon of weak localization. Weak
localization appears in disordered graphene samples as a peak in the resistivity as
function of magnetic field at low magnetic fields. At zero field, the resistivity is increased
by constructive interference between time-reversed trajectories of phase-coherent carriers
scattered off of defects. A perpendicular magnetic field breaks the time-reversal
symmetry, decreasing the resistivity as the field increases. This effect can be seen in
figure 1-7a.
The width of this weak localization feature is directly related to the phase
coherence length, Lϕ, the length through which coherent charge carriers travel before
losing phase. We can then use this low-field curve to extract Lϕ, as well as the intervalley
and intravalley scattering lengths, Li and L* respectively. Intravalley scattering is believed
to be largely caused by charge impurity disorder, while intervalley scattering is caused by
sharp lattice defects. We extract these lengths by first converting resistance to a change in
conductivity (figure 1-7b),

∆σ xx (B ) = [σ xx (B ) − σ xx (B = 0)] − [σ xx (B, Th ) − σ xx (B = 0, Th )]
with σ xx (B ) =

l
1
⋅
.
w Rxx (B )

(1-3)
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Figure 1-7. (a) Resistance versus perpendicular magnetic field for disordered graphene
demonstrating weak localization. At zero magnetic field, the conductivity is degraded by
constructive interference between time-reversed trajectories of phase-coherent carriers
scattered off of defects. A perpendicular magnetic field breaks the time-reversal
symmetry, improving the conductivity. (b) The raw resistance measurement is converted
into a change in conductivity, σ(B)-σ(B=0), averaged over positive and negative field.
This curve can then be fitted (c) to extract the characteristic scattering lengths related to
weak localization: Lϕ, the phase coherence length; Li, the intervalley scattering length;
and L*, the intravalley scattering length (d).
In this equation, σ(B,Th) represents the magneto-conductivity at sufficiently high
temperature for the weak localization feature to disappear. We then fit this ∆σ to a weak
localization theory developed for graphene: [37-39]
∆σ xx ( B ) =

e 2   B
⋅ F
πh   Bϕ






B
B
 − F
 − 2F 


 B + 2B 
 B + B + B 
i 
i
* 


 ϕ
 ϕ

1 1
 h  −2
 Lϕ ,i ,* ,
with F ( z ) = ln( z ) + Ψ +  and Bϕ ,i ,* = 
2 z
 8πe 
where Ψ is the digamma function.

(1-4)
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1.4 Outline of thesis
With the introduction to graphene and techniques for its measurement complete,
we organize the rest of the thesis as follows:
In chapter 2, we provide a more in-depth explanation of the Raman spectroscopy
of graphene than what was given in the introduction. Raman spectroscopy has proven to
be an extremely useful tool for a wide variety of graphene characterization. It was used in
almost every part of this study, and thus we have dedicated a chapter to its understanding.
In chapter 3, we present data exploring the effects of electron-beam and oxygen
plasma induced disorder on the electronic properties and Raman spectra of graphene.
These initial investigations were important for relating Raman peak intensities and weak
localization features to each other and to an average disorder length in graphene, LD.
Chapter 4 continues the Raman spectroscopy investigation of disordered graphene,
integrating gate-effect measurements to fully explore the relationships between carrier
density, disorder and Raman spectrum signatures. This is the first study to investigate the
effects of disorder and doping on the Raman spectrum of graphene at the same time, and
it is useful for fully understanding electron-phonon coupling in graphene.
We continue the report with smaller chapters covering other investigations
undertaken during the period of study encompassed by this dissertation. Chapter 5
describes our work investigating the use of graphene to modulate the intensity of
perpendicular laser light through changes in carrier density. Chapter 6 gives an overview
of our work to use GFETs as radiation sensors. Chapter 7 describes our work
investigating the etching rates and Raman spectra of various topological insulators. In the
last chapter we will discuss the direction possible future work in the field could take.
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2 RAMAN SPECTROSCOPY

This chapter will focus on the physics of characterizing graphene through Raman
spectroscopy. We will first discuss the various Raman modes of graphene, how they are
measured and their significance in graphene characterization. We will then discuss what
properties of graphene can be characterized through Raman spectroscopy, focusing
specifically on carrier density and disorder.

2.1 Raman active modes
Though there are a number of vibrational modes in graphene, due to energy
restrictions, only some are Raman active, meaning that these modes interact with the
incoming Raman excitation laser. These Raman active modes can be separated into two
groups: standard modes, which are always present in Raman spectra; and disorder modes,
which only appear in the presence of disorder or other elastic scatterers such as edges.
The standard peaks are commonly referred to as G (1580 cm-1) and 2D (2690 cm-1), and
the disorder peaks are D (1350 cm-1), D’ (1620 cm-1) and D+D’ (2940 cm-1). [40] There
are other overtone modes present in the spectra, but this work will only discuss these five
most intense peaks.

2.1.1 Normal modes
Incoming Raman excitation creates electron-hole pairs, and these charge carriers
interact with phonons, losing energy and creating a measurable Raman shift when they
recombine and emit a new photon. These electron-hole pairs must have equal and
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opposite momentum when they recombine, resulting in two options for pure electronphonon interactions. [40]
The first option is that the interaction takes place at the Γ point of the Brillouin
zone where the momentum of the interacting charge carrier is 0 before and after the
interaction. This interaction at Γ with the Raman active E2g mode gives rise to the G peak
at 1580 cm-1.

Figure 2-1. A diagram of a double-phonon scattering process. An incoming photon
excites an electron-hole pair, which scatters with equal and opposite momentums. They
both interact with a phonon and are scattered in the opposite direction so that they return
and collide with each other with equal and opposite momentums to create a new photon.

Figure 2-2. Representative electron scattering processes responsible for the intervalley
and intravalley Raman peaks. (a) D: An electron is excited by an absorbed photon,
scattered by a phonon from K to K’, relaxes with photon emission, then is elastically
scattered by a defect back to K. (b) D’: An electron is excited by an absorbed photon,
scattered by a phonon from K to K, relaxes with photon emission, then is elastically
scattered by a defect. (c) 2D: An electron is excited by an absorbed photon, scattered by a
phonon from K to K’, relaxes with photon emission, then is scattered by a second phonon
back to K. (d) D + D’: An electron is excited by an absorbed photon, scattered by a
phonon from K to K’, relaxes with photon emission, scattered by a second phonon from
K’ to K’, then is elastically scattered by a defect back to K. The order of these scatterings
and whether the electron or hole or both is scattered is variable.
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The second option is a double-phonon scattering process (figure 2-1) such that the
phonon interactions result in the 2 charge carriers having equal and opposite momentum
upon recombination. The 2D peak at 2690 cm-1 is the result of a double scattering of a
breathing mode phonon with charge carriers scattering from the K point of the Brillouin
zone to the K' point. This process in relation to phase space is illustrated in figure 2-2c.
[40]

2.1.2 Disorder modes
If some form of charge scatterer is present in graphene – typically a lattice defect
or crystal grain boundary – then the momentum conservation restriction can be satisfied
away from the Γ point through additional elastic scattering. Whereas the 2D peak results
from double-phonon scattering, the D peak at 1350 cm-1 is the result of a single-phonon
scattering with the same breathing mode from K to K' and a second elastic defect
scattering (figure 2-2a). Note that the frequency of the D peak is not exactly half that of
the 2D peak since the D peak is actually composed of 2 slightly different frequencies (∆ω
~10 cm-1) based on whether the elastic defect scattering happens first or second in the D
process. [41]
Scattering from K to K’ is referred to as intervalley scattering, but scattering
processes can also be intravalley, scattering from K to K, which results in the D’ peak at
1620 cm-1 (figure 2-2b). The next most common scattering is D+D’ at 2940 cm-1, which
is the result of a intervalley phonon scattering from K to K’, then an intravalley phonon
scattering from K’ to K’, then an elastic defect scattering back to K (figure 2-2d). A
typical Raman spectrum for disordered graphene can be seen in figure 2-3.
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Figure 2-3. A representative Raman spectrum showing the 5 most intense peaks, D (1350
cm-1), G (1580 cm-1), D’ (1620 cm-1), 2D (2690 cm-1) and D+D’ (2940 cm-1).

2.2 Raman peak structure
In Raman spectroscopy, the energy transfer of the electron-phonon scattering is
plotted along the x-axis in units of cm-1, where 1 cm-1 = 1.24*10-4 eV. Peaks in the
Raman spectra can typically be described by a Lorentzian function, [33]
 

1
∙
2        

2

,

(2-1)

where I is the integrated intensity of the peak, Γ is the full width at half max (FWHM)
and ωo is the peak frequency.
The peak integrated intensity can be affected by a number of external factors
including laser power intensity and beam focus, however the relative peak intensities can
be used to determine the relative coupling strength between charge carriers and the
various phonon modes. A peak width (FWHM) can be described as a sum of
contributions from phonon-phonon interactions (γan), electron-phonon interactions (γEPC)
[42] and phonon defect scattering (γD). Lastly, the peak frequency is a direct
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measurement of the phonon energy or total energy in the case of multi-scattering peaks.
2.3 Effects of doping
One way to change the Raman spectrum of graphene is to change its carrier
density. Either by adding dopants or applying a gate voltage to a graphene sample, one
can adjust the Fermi level of the sample. As the Fermi level moves away from the CNP, a
number of effects can be seen in the spectra. [43-46] The G peak shows an increase in
peak frequency and a decrease in FWHM with increased carrier density. The 2D peak
also shows some increase in frequency with increased carrier density, as well as a
decrease in integrated intensity. These trends can be seen in figure 2-4.
2.3.1 The Kohn anomaly
Much of these effects can be attributed to the presence and removal of Kohn
anomalies [44] in graphene. Kohn anomalies occur in the phonon dispersions of metals
due to sudden changes in the electronic screenings of ionic vibrations. [47] They can
occur for phonons with a wave vector, q, which can connect 2 electronic states on the
Fermi surfaces whose tangents to that surface are parallel. This occurs for the phonons
which scatter to the same point in the Brillouin zone (Γ, q = 0) or from K to K’ (D and
2D).
The phonons responsible for the G mode have strong electron-phonon
interactions, resulting in Kohn anomalies in the phonon dispersion, which softens
phonons at wavevector q ~ 2kF. [43] Doping in graphene, which shifts the Fermi level (EF
∝ kF) away from the Dirac point, moves the Kohn anomaly (located at 2kF) away from q
= 0, where the G mode originates. This causes a stiffening of the G peak, increasing
phonon energy. [43, 44] Increased doping also sharpens Raman peaks by reducing
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electron-phonon interactions through the blockage of phonon decay channels into
electron-hole pairs due to the Pauli exclusion principle. [43, 45]
It’s possible that electronic gating of graphene could also cause some amount of
strain in the lattice, however, as discussed later in this chapter, strain would have an
opposite effect on the frequency of the G peak, causing a decrease in frequency with
increased strain rather than an increase in frequency. The removal of the Kohn anomaly
and the blockage of phonon decay are more consistent with the effects of electronic gate
seen on graphene’s Raman spectra.
2.4 Effects of disorder
As discussed above, the introduction of disorder or grain boundaries in graphene
causes the emergence of the D, D’ and D+D’ peaks in the Raman spectra. The graphene
Raman spectra is very sensitive to the presence of disorder, and the intensity of the D
peak can become over 4 times larger than that of the G peak for highly disordered
samples. Raman spectroscopy is one of the most sensitive methods of defect
characterization due to this strong dependence of graphene’s Raman D peak on disorder,
and one can use the ratio of Raman peak intensities, ID/IG, to characterize the level of
disorder in graphene, typically described as the distance between defects, LD. Disorder
also has some effect on peak frequency and FWHM.
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Figure 2-4. (a,b) Raman spectra at gate values between -60 V and 60 V for G and 2D
peaks, respectively. (c,d) Raman G peak position and FWHM, respectively, plotted
against the gate voltage relative to the Dirac point, V-VD (proportional to the carrier
density, plotted on the top axis). (e,f) Raman D peak position and integrated intensity,
respectively, plotted against the gate voltage relative to the Dirac point.

2.4.1 Intensity ratio models
As disorder in graphene increases, ID/IG evolves based on 2 different behaviors.
There is a regime of “low defect density” where ID/IG will increase as a higher defect
density creates more elastic scattering. This occurs up to a regime of “high defect
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density,” at which point ID/IG will begin to decrease as an increasing defect density results
in a more amorphous carbon structure, attenuating all Raman peaks. These two regimes
are referred to as “nanocrystalline graphite” and “mainly sp2 amorphous carbon” phases,
respectively. [42]
These two separate regimes are caused by two separate areas of influence around
specific defect sites: an area within a radius, rs, which has structural disorder and
enhances the D peak weakly; and an area within a larger radius, ra, which is still close
enough to the defect site to be activated, enhancing the D peak strongly. [25] Graphene is
considered to be in the nanocrystalline graphite regime when the average distance
between defects, LD > 2ra. In addition, one can use the following equation to relate LD to
the ratio of Raman peak intensities, ID/IG: [25]

,

(2-2)

where Ca and Cs are constants describing the strength of the influence the corresponding
region has on the intensity of the D peak. It is possible Ca and Cs may be dependent on
the type of defect created, whether it is a dopant atom or a structural anomaly. This fitting
can be seen in figure 2-5. [25]
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Figure 2-5. (Ref. 25) Intensity ratio ID/IG plotted against the average length between
defects, LD (inset). The black line is a fitting based on equation 2.
The relation between ID/IG and LD can also be approximated by empirical
formulas for the two separate regimes. In the “low defect density” regime, the TuinstraKoenig relation defines: [48]

I D C (λ )
=
,
IG
LD

(2-3)

where λ is the Raman excitation wavelength. In the Lucchese model from which equation
2-2 was derived, the Tuinstra-Koenig relation is a good approximation when defects are
considered one-dimensional crystalline borders. When considering point defects:

I D C ' (λ )
= 2 ,
IG
LD

(2-4)

is a better approximation of the Lucchese model. [25]
In the “high defect density” regime, it has been proposed that ID/IG versus LD can
be fit to the equation [20, 25]:

ID
= D(λ ) ⋅ L2D ,
IG

(2-5)
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where the constant D(λ) is obtained by imposing continuity between equations 2-4 and 25 at the transition point of two regimes (LD ~ 4 nm).
2.4.2 Effects on peak structure
In addition to affecting the intensities of Raman peaks, disorder can also have an
effect on the frequency and FWHM of these peaks, as well. Figure 2-6 shows a general
decrease in frequency and an increase in FWHM for the D, G and 2D peaks as disorder
increases (measured as an increase in disorder-inducing radiation). These trends are
consistent with previous reports, where the decrease in frequency at higher levels of
disorder is attributed to a stiffening of the carbon lattice caused by defects. [49]
The increase in FWHM can also be well-described by an increase in phonon
scattering caused by defects, γD. As stated previously, a change in peak FWHM is directly
related to a change in phonon-defect interaction, such that a decrease in the defect length,
LD, would cause an increase in the phonon scattering rate, and thus the change in FWHM
from pristine graphene is inversely proportional to LD.

Figure 2-6. The change of peak frequency (a) and FWHM (b) from an unirradiated state
for the Raman D, G and 2D peaks at V-VD = 0 versus irradiation dosage, Re, in a log-log
scale. The dashed lines are fittings to y = A*Rep. Since we see no significant D peak in the
unirradiated state, ∆ω and ∆FWHM for the D peak are plotted relative to Re = 300 e-/nm2.
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Figure 2-7. Illustration of zigzag and armchair edges in a hexagonal lattice.
2.5 Other effects on the Raman spectra of graphene
2.5.1 Edge and grain boundaries
In addition to characterizing doping and disorder, Raman spectroscopy can also
be used to characterize many other properties in graphene, including the edges and grain
boundaries of graphene crystals. Due to the hexagonal structure of the graphene lattice,
ordered crystal edges can have two main structures: zigzag and armchair (figure 2-7).
Only armchair edges, however, are capable of elastically scattering charge carriers that
give rise to the D peak. Due to a translational invariance, zigzag edges cannot scatter
charge carriers from K to K’, though they can still create the D’ peak through intravalley
scattering. [50]
In addition, the intensities of Raman peaks along the edges of a graphene sample
are highly dependent on the polarization of the excitation laser used. In order for an
armchair edge to scatter a charge carrier from K to K’, its momentum must be
perpendicular to the edge. This gives rise to a strict dependence of ID on cos2θ, where θ is
the angle of polarization relative to the edge. This also causes the same dependence of ID’
on laser polarization for both zigzag and armchair edges. In real samples, though edges
have a macroscopic orientation, they are disordered at the atomic scale, resulting in the
small presence of a D peak for armchair edges and perpendicular laser polarizations. The
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ratio of ID for parallel polarization and ID for perpendicular polarization can therefore be
used as an indication of edge imperfection.
In addition, the G peak is also affected by laser polarization at grain boundaries. It
has been theorized and supported by experiment that only the longitudinal optical phonon
mode is active near an armchair edge and the transverse active near a zigzag edge, so that
the intensity of the G peak is enhanced when the polarization of the excitation laser is
parallel to an armchair edge and perpendicular to a zigzag edge. [51, 52]
Characterization of edges is not only useful in differentiating between zigzag and
armchair, but also in characterizing the grain boundaries of CVD graphene crystals.
Where grains from two separate seed points grow together, a boundary forms that is
identifiable through an increased D peak, providing insight into the crystal growth
process. The seed point of these crystals is also characterized by a higher D peak. [53]
2.5.2 Substrate effects and strain
Increasing or decreasing strain in the graphene lattice can also have significant
effects on the Raman spectra. An increase in lattice strain would decrease the energy of
vibrational modes, causing a decrease in phonon energy and Raman peak frequency. The
expansion or contraction of the crystal lattice in graphene can be achieved through
physical strain on the graphene, often caused by a lattice mismatch with the underlying
substrate or possibly heavy disorder. If this strain is uniaxial, as in the case of bending, it
will also split the G peak into two separate features corresponding to the splitting of the
vibrational mode into one along an axis parallel to curvature and one perpendicular. [54]
2.5.3 Temperature
Changes in the temperature also cause a change in the peak positions of the
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Raman spectra. As temperature increases, there is a linear decrease in the 2D and G peak
frequencies due increased anharmonic coupling of phonons and increased thermal
expansion in the lattice. [55] This phenomenon can even turn the Raman spectrum of
graphene into a thermometer. The ability to use Raman as a thermometer opens up the
possibility of using Raman to measure such quantities as thermal conductivity in a local,
non-invasive way. [56].
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3 IRRADIATION OF GRAPHENE

With the basic measurement techniques outlined, we will now discuss the specific
experiments performed for this report. The initial experiments study the effects of
energetic irradiation on the electronic and Raman properties of graphene. We use both
electron-beams and oxygen plasma to induce disorder in the graphene, and these two
irradiation methods will be discussed separately, starting with electron-beam irradiation.
3.1 Electron-beam effects
3.1.1 Experimental procedure
To study the effects of electron-beam irradiation, a GFET device is placed in the
same SEM system used for EBL under high vacuum (10-6 torr). An area of 25 µm by 25
µm including the graphene flake on the device is continuously scanned by the electron
beam. The beam’s kinetic energy is 30 keV, the same energy that is used for our
lithography and imaging processes, and the beam current is kept at 0.133 nA. The
accumulated time exposed to the electron-beam (Te) determines the accumulated
irradiation dosage (Re) (e.g. Te = 60 s gives Re = 100 e-/nm2). In comparison, the typical
exposure used in our lithography process is around 1 e-/nm2. SEM imaging typically
exposes samples to at least 100 e-/nm2.
After each successive exposure, the graphene device is removed from the SEM,
and room-temperature electrical or Raman measurements are promptly performed. Fieldeffect electrical measurements are performed using a probe station filled with argon gas
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at 1 atm. Raman spectra are performed using a 532 nm excitation laser in an ambient
atmosphere. To study the long-term evolution of the field-effect, we also exposed 2
additional graphene devices to 100 e-/nm2 and then monitored their electrical
characteristics periodically, one under ambient conditions and the other under rough
vacuum (10-3 torr).

Figure 3-1. (a) Raman spectra (excitation wavelength 532 nm) for a progression of
accumulated electron-beam exposures on graphene device “A.” The spectra are offset
vertically for clarity. (b) The full progression of the ratios of Raman peak integrated
intensities ID/IG and I2D/IG plotted against the accumulated dosage of energetic electrons.
The inset of (b) shows this data in log-log scale. The dotted lines are linear fits for the
low (left) and high (right) defect density regimes. (c) The ID/IG data plotted against 1/√De,
which should be proportional to the defect length, LD. The solid line is a fitting for
equation 2.2 and the dashed lines are separate fittings for the low defect density regime
(equation 2.4) and high defect density regime (equation 2.5).
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3.1.2 Raman spectroscopy
Prior to exposure, the Raman spectrum of device “A” shows the signature for
pristine single-layer graphene, with a G peak at ~1580 cm-1 and a 2D peak at ~2690 cm-1,
with a ratio of the intensities of the 2D and G peaks, I2D/IG, of 3.4. We observe a small
presence of a disorder-induced D peak at ~1350 cm-1, most likely caused by effects of
device fabrication, such as photoresist residue.
Figure 3-1 shows how the Raman spectra evolve with increased electron-beam
irradiation. Representative spectra are shown in figure 3-1a, demonstrating the increase
of the D peak, as well as the emergence of the D’ and D+D’ peaks. At higher exposures,
these disorder peaks attenuate.
This intensity trend can be seen more clearly in figure 3-1b, which shows the
progression of the peak intensity ratios ID/IG and I2D/IG as functions of Re. ID/IG begins at
~0 before the electron-beam exposure and then increases with increasing Re in the “low
defect density” regime to ~3 for Re = 800 e-/nm2. ID/IG then decreases with further
increasing Re in the “high defect density” [47] regime to ~1 for Re = 4000 e-/nm2. We also
note a small overall decrease in I2D/IG in the low defect regime, but then the ratio levels
off at ~2.2 after higher exposures.
The inset of figure 3-1b shows log(ID/IG) versus log(Re). Line fits of the data give
a slope of ~0.54 for the low defect regime and ~-1 for the high defect regime. In our
experiment, we assume the total electron beam dosage per unit area to be proportional to
the defect concentration (where the proportionality constant, A, is the interaction rate
between the electron-beam and the graphene). The defect concentration can be described
as 1/LD2, therefore. Given this proportionality, we would expect the slope of the low
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defect density regime in the inset of figure 3-1b to be 1 to comply with equation 2-4, and
we would expect the slope of the high defect density regime to be -1 to comply with
equation 2-5. Our data, then, is in good agreement with equation 2-5 in the high defect
regime, but agrees more with equation 2-3 in the high defect regime (line disorder).
We plot ID/IG with respect to 1 / Re in figure 3-1c and fit it to equations 2-4 and
2-5 (dashed lines in the low defect and high defect density regimes respectively). In
addition, by defining a proportionality constant, A = 94, such that the peak of the ID/IG
curve occurs at LD = 3 nm, we can fit the full curve to equation 2-2 (solid line in figure 31c) to calculate ra (2.5 nm), rs (1.35 nm), Ca (5.02) and Cs (0.81). We find similar values
as for the argon ion study in Ref. 25.
3.1.3 Field-effect measurements
We also characterize our electron-beam irradiated samples with basic field-effect
measurements, making note of the CNP, σmin, µh and µe as a function of Re. Figure 3-2a
shows the results from three representative forward gate voltage sweeps (field-effect)
measured from device “B.” Initially (before exposure), the device shows a CNP of 16.3
V. The positive CNP is typical in our fabricated devices because of extrinsic hole doping
in graphene, possibly from water molecules in the air and resist residues from the
lithography process. After the device is exposed to the electron beam with Re = 112.5 e/nm2, we observe an appreciable negative shift of the CNP to 4.9 V. The change to σmin,

µh and µe is comparably small.
After a larger Re = 4500 e-/nm2 (accumulated from multiple exposures), the CNP
decreases further to -3.8 V, and the electron and hole mobilities decrease substantially,
starting before exposure at ~6500 cm2/Vs and ~5500 cm2/Vs, respectively, to both ending
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~1000 cm2/Vs. The minimum conductivity also decreases substantially, lowering by more
than a factor of 2 from ~7 e2/h before exposure to ~2.8 e2/h.
This progression of the CNP, σmin, µh and µe can be seen more clearly in figures 32b-d. Of particular note is how these electronic properties seem to saturate after 800-1200
e-/nm2, with the CNP leveling off at ~5 V, µh and µe both saturating at ~1000 cm2/Vs and

σmin saturating at ~3 e2/h. This occurs even as the Raman spectra indicate a progress
toward increasing disorder.
To confirm that these changes to the field-effect measurements are caused by the
electron bombardment and not another aspect of our procedure (e.g. the high vacuum of
the SEM), we also prepared 2 more devices: another device for irradiation, “C,” and a
control device “D.” Devices “C” and “D” are subject to the same procedure and
measurements except the electron beam was not turned on for device “D.” While
electron-beam irradiation has a similar effect on device “C,” the simulated exposure has a
much smaller effect on the device “D,” seen in figure 3-3. The hole mobility slightly
increases while the CNP decreases, both of which we believe to be caused by dopant
impurities such as water molecules from the ambient atmosphere being desorbed under
high vacuum.
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Figure 3-2. (a) Measured graphene conductivity as a function of a forward-sweeping back
gate voltage after various doses of electron-beam irradiation for a graphene device on a
SiO2/Si substrate (device “B”). The source-drain current (Ids) used is 100 nA. (b-d)
Charge-neutral “Dirac” point (b), electron and hole field-effect mobilities (c) and
minimum conductivity (d) of device “B” as functions of accumulated electron-beam
irradiation dosage. Each data point is the average of two measurements from forward and
backward gate voltage sweeps. The error bars reflect the variation between the two
sweeps.
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Figure 3-3. A comparison of the charge-neutral “Dirac” point (a), electron and hole fieldeffect mobilities (b) and minimum conductivity (c) between irradiated device “C” and
control device “D” as functions of accumulated electron-beam irradiation dosage. The
control sample underwent the same procedure as the irradiated sample except that the
electron-beam was not turned on for its “irradiation.” Each data point is the average of
two measurements from forward and backward gate voltage sweeps. The error bars
reflect the variation between the two sweeps.
We also investigate the cause of the negative shift of the CNP after irradiation. We
believe the mechanism for this shift is different than the mechanism responsible for the
decrease of σmin, µh and µe. We interpret most of the negative shift of the CNP as due to
the interaction of the SiO2/Si substrate with energetic electron-beam irradiation. This
irradiation generates electron-hole pairs in the substrate, and the less-mobile holes can get
trapped at the SiO2/Si interface to create an effective extra positive bias, decreasing the
CNP. This is similar to the negative shift of threshold voltage well-known in irradiated
metal-oxide-semiconductor field-effect transistors (MOSFETs). [7]
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To further investigate the influence of the substrate on graphene's CNP under
energetic electron-beam irradiation, we also fabricated suspended graphene devices and
irradiated them in the same manner. To suspend the graphene devices, we dip the device
in a buffered oxide etchant (BOE) for 1 minute, rinse the etchant with acetone and IPA,
then dry the IPA with a critical-point dryer to reduce surface tensions. All field-effect
measurements on the suspended devices are 2-terminal. Figure 3-4a shows the CNP for
device “E” decrease by less than 0.16 V after Re = 112.5 e-/nm2 (compared to a ~12 V
shift for our typical substrate-supported device). Figure 3-4b shows Raman spectra of
another similar suspended device “F” before and after irradiation. The emergence of a D
peak after irradiation indicates suspended devices are still susceptible to the disorder
caused by electron-beam irradiation, even if the CNP shift is minimal. This confirms the
importance of the substrate for the observed CNP shift.

Figure 3-4. (a) Measured 2-terminal conductance as a function of back gate voltage
before and after electron-beam irradiation (dosage = 112.5 e-/nm2) for a suspended
graphene device (device “E”). The Ids used is 100 nA. (b) Raman spectra (excitation
wavelength = 532 nm) taken before and after irradiation (dosage = 100 e-/nm2, spectrum
offset for clarity) on a similar suspended graphene device (device “F”).
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3.1.4 Field-effect relaxation
We also investigate the long-term evolution of the electronic properties of our
graphene devices after a relatively low dosage of irradiation (100 e-/nm2). Figure 3-5
shows the progression of the electronic properties over time for 2 irradiated devices “G”
and “H.” The field-effect of device “G” is measured periodically for 2 days while it
remains in an ambient environment after exposure (figures 3-5a and 3-5b). To investigate
what effects vacuum might have on the relaxation, device “H” is placed in a rough
vacuum after exposure, where its field-effect is also measured periodically (figures 3-5c
and 3-5d). After 2 days, it is removed from vacuum and we continue to monitor it for an
additional 2 days.
For device “G,” after seeing the expected drop in all measured quantities after
exposure, we immediately see the CNP shift back toward the positive, though it has not
reached its original value after 2 days (ending at ~15 V compared with 17.3 V before
irradiation). The mobilities and conductivity show no such upshift over time. This again
suggests the mechanism responsible for the CNP shift is different than the mechanism
responsible for changes in the other properties.
For device “H,” after exposure, the CNP decreases from 19.3 V to 3 V, then
decreases further in vacuum to -1.2 V. Upon removal from vacuum, the CNP increases to
5.7 V, still significantly lower than its value before irradiation. After exposure, σmin
decreases from 305 µS to 266 µS, then increases significantly in vacuum to 385 µS.
Upon removal from vacuum, σmin decreases to 324 µS, a value higher than its original
value before irradiation. Electron and hole mobilities both decrease due to initial
irradiation, then increase while in vacuum, followed by a decrease of a comparable
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magnitude when removed from vacuum. The rich behavior we are observing may be a
combination of multiple effects in these measurements – both the irradiation charge
leaking off the substrate and the desorption/adsorption of dopant molecules from the air.

Figure 3-5. Electrical characteristics measured over time for a device irradiated by 100 e/nm2. Dirac point, minimum conductivity (a) and electron and hole field-effect mobilities
(b) for device “G” left in an ambient environment after exposure. Dirac point, minimum
conductivity (c) and electron and hole field-effect mobilities (d) for device “H” placed
immediately in vacuum after irradiation, then removed after 2 days. The first point in
each plot is the value before irradiation.
3.1.5 Weak localization features
Lastly, we characterize our electron-beam irradiated samples through low
magnetic field weak localization measurements, fitting the ∆σ versus magnetic field
curve to equation 1.7 to extract Lϕ, Li and L*. The measurement results of 2 devices
representative of those studied can be seen in figure 3-6. The first device, “I,” is
irradiated with a relatively low dosage of electrons, 50 e-/nm2, which is evident from a
small weak localization feature in figure 3-6a (∆σ stops increasing after 0.1 T) and its
Raman spectrum in figure 3-6c showing ID/IG ~ 0.5. The second device, “J,” is irradiated
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with a much larger dosage of electrons, 2000 e-/nm2, which is evident from a larger weak
localization feature in figure 3-6d (∆σ stops increasing after ~1.5 T) and its Raman
spectrum in figure 3-6f showing ID/IG ~ 4. We note that all scattering lengths for the more
irradiated, higher disorder device “J” are 2.5 to 5 times smaller than for device “I.” From
the plots of the characteristic lengths Lϕ, Li and L* as a function of temperature, seen in
figure 3-6b and e, we note, especially for the 2000 e-/nm2 case, that the elastic scattering
lengths Li and L* are relatively T-insensitive, averaging ~206 nm and ~53 nm respectively
for low irradiation device “I” and averaging ~46 nm and ~7.5 nm respectively for high
irradiation device “J.” We also note the inelastic scattering (phase breaking) length Lϕ
decreases with increasing T (which reduces the phase coherence of electrons) from ~190
nm at 4 K to ~120 nm at 40 K for “I” and decreasing from ~85 nm at 4 K to ~55 nm at 40
K for “J.” The temperature-dependent trends for Lϕ, Li and L* are qualitatively consistent
with previous reports. [38, 39]
To check whether these decreases in scattering length with increasing irradiation
are valid, we also calculated the mean free path, l, for a number of irradiation values
using [57]
l=

σ
e2

1/ 2

π 
⋅ 
n

(3-1)

where n is the carrier density. We find the trends of decreasing scattering lengths for
increasing irradiation dosage are consistent with the trend in l, which decreases from ~30
nm at 50 e-/nm2 to ~10 nm at 10000 e-/nm2 for n far away from the Dirac point (Figure 37).
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Figure 3-6. (a, d) Average change in conductivity versus magnetic field for two different
devices, “I” and “J,” subjected to two different electron-beam exposure dosages, 50 e/nm2 (a) and 2000 e-/nm2 (d), respectively. (b, e) Extracted scattering lengths as a
function of temperature for electron beam dosages 50 e-/nm2 (b) and 2000 e-/nm2 (e). All
scattering lengths are significantly smaller for the more irradiated device. (c, f) Raman
spectra of devices “I” (c) and “J” (f) reflecting the level of disorder in the graphene. ID/IG
~ 0.5 for device “I” and ID/IG ~ 4 for device “J.”

Figure 3-7. Mean free path, l, versus carrier density, n, for various levels of e-beam
irradiation dosage.

40

Figure 3-8. Characteristic scattering lengths derived from weak localization for various
electron-beam irradiated devices plotted against a defect length, LD, calculated from their
Raman ID/IG ratios using equation 2.4, ID/IG = C’(l)/LD2.
3.1.6 Correlation of Raman and weak localization
Clearly both the disorder length, LD, characterized by the Raman intensity ratio
ID/IG, and the characteristic scattering lengths, derived from the analysis of weak
localization measurements, decrease significantly as the irradiation dosage increases.
Attempting to correlate the two measurements, we perform Raman spectroscopy and
weak localization measurements on a handful of samples at different irradiation dosages.
We then plot the weak localization scattering lengths Lϕ, Li and L* against an LD
calculated from the ID/IG ratio of the Raman spectrum using equation 2-4 (empirical low
defect density approximation for point defects). This plot is shown in figure 3-8. Though
we note that the weak localization scattering lengths do decrease as LD decreases, the
relationship does not appear to be linear. It is also interesting to note that Lϕ and Li are
many times larger than LD. We again emphasize that this LD characterizes relatively
isolated and dilute defects created by irradiation and not 1D-like line defects separating
crystallites, which is what typical defines intravalley and intervalley scattering.
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3.2 Oxygen plasma irradiation
3.2.1 Experimental procedure
To further study disorder in graphene, we also conduct measurements of graphene
exposed to various amounts of oxygen plasma. Our graphene devices are exposed
cumulatively to short pulses (~ ½ seconds) of oxygen plasma in a microwave plasma
system (Plasma-Preen II-382) operating at 100 W. A constant flow of O2 (3 sccm) is
pumped through the sample space in rough vacuum (540 Torr), and the gas is excited by
microwaves (manually pulsed on and off), generating an ionized oxygen plasma, which
has an etching effect on graphene and thus creates defects. These defects are point
dislocations and can be seen with AFM in high enough concentrations. [15] The
microwave-excited plasma pulses are applied to the samples cumulatively and field-effect
and Raman measurements are performed as soon as possible (< 5 min) in ambient
atmosphere and temperature after each pulse to avoid any relaxation effects. The
magneto-transport data are taken using a 3He superconducting magnet probe several days
after plasma exposure.
3.2.2 Raman spectroscopy
Figure 3-8a shows representative Raman spectra for a single-layer graphene
device “K” taken after multiple cumulative exposures to oxygen plasma etching pulses.
The D peak initially rises with increasing exposure, resulting in ID/IG ~ 4 after a number
of pulses, Np = 14. For Np > 14, the D peak attenuates along with the G and 2D peaks
(both of which show attenuation for all Np > 0). For Np = 23, the D peak, while still
significant, reduces to ~3 times the intensity of the G peak and the 2D peak is almost
completely suppressed.
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Figure 3-9. (a) Raman spectra of single layer graphene device “K” after various numbers
of accumulated oxygen plasma pulses, Np. The spectra are offset vertically for clarity. (b)
Ratios of Raman peak integrated intensities, ID/IG and I2D/IG plotted against Np. The inset
of (b) shows log(ID/IG) against log(Np). The black lines are linear fits of the log-log plot,
giving a slope of 1 in the low defect density regime and a slope of -0.38 in the high defect
density regime. (c) The full widths at half maximum of the 2D, G and D peaks are plotted
as functions of Np.
Fig. 3-9b shows the progression of the peak intensity ratios (ID/IG and I2D/IG) as
functions of the number (Np) of plasma-etching pulses. The dependence of ID/IG on Np
shows 2 different behaviors in the low and high defect regimes, much like for electronbeam exposure. ID/IG begins at ~0 before the plasma exposure (the small D peak is again
likely due to the device fabrication process), and then increases with increasing Np to
~3.6 after 14 plasma exposures, and then decreases with further increasing Np in the highdefect-density regime to ~2.8 for Np = 25. The ratio of the intensities of the 2D and G
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peaks, I2D/IG, continuously decreases with increasing Np, which is also consistent with the
electron-beam irradiation data. I2D/IG decreases from ~6 for Np = 0 down to ~ 0.6 for Np =
25. From the line fittings in the inset of figure 3-9b, we can approximate the relationship
between ID/IG and Np in the low defect density regime (slope ~ 1) to be

ID
= C⋅Np,
IG

(3-2)

and in the high defect density regime (slope ~ -0.5) to be
ID
C'
=
IG
Np .

(3-3)

If we assume, as with electron-beam irradiation, that the total exposure time to be
proportional to the defect concentration, 1/LD2, then LD = B / N p . Equation 3-2
becomes

I D C (λ )
= 2 ,
IG
LD

(3-4)

and equation 3-3 becomes

ID
= D(λ ) ⋅ LD .
IG

(3-5)

Equation 3-4 shows that our data agrees with equation 2-4 in the low defect regime, but
equation 3-5 follows no previously established empirical model. We believe that this
result implies that our assumption of LD = B / N p is invalid and rate of defect
generation using oxygen plasma etching is non-linear and dependent on other unknown
factors.
The gradual decrease of the 2D peak with increasing Np is consistent with
previous work [15, 17, 22] and likely due to a combination of the positive doping of the
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graphene and the defect-induced suppression of the lattice vibration mode corresponding
to the 2D peak. In addition, figure 3-9c shows the full width of the 2D, G and D peaks as
functions of Np. The peaks widen with increasing Np, which is also consistent with
previous reports.

Figure 3-10. Measured resistance as a function of back gate voltage of single-layer
graphene device “L” after various numbers of accumulated oxygen plasma pulses, Np.
The resistance values for different measurements are not directly comparable to each
other because the measurement with Np = 0 is 4-terminal, the measurement with Np =1 is
2-terminal and all others are 3-terminal. The traces are offset vertically for clarity. The
inset shows the charge-neutral “Dirac” point as a function of Np.
3.2.3 Field-effect measurements
Figure 3-10 shows the measured field-effect resistance of another typical
graphene device “L.” The back-gate-dependent resistance is shown for a various amount
of exposure up to a dosage where the CNP is no longer measurable within the gate
voltage range used in our experiment. The inset of figure 3-9 shows the CNP as a
function of Np. The CNP voltage shifts to the positive direction with increasing plasma
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exposure, starting at 18 V before exposure and increasing to ~100 V after 4 pulses. This
~80 V of positive shift in the gate voltage corresponds to an increase in carrier
concentration, n, of ~6∗1012 cm-2.
The strong positive shift of the CNP after plasma etching is most likely caused by
p-doping molecules from the ambient, e.g. water, attaching to the defect sites (eg. edges
of etched holes) [58]. This ascription is also consistent with our observation that pumping
our exposed samples in vacuum gives a substantial reduction of the up-shift in CNP.
If we use figure 3-9 as a rough guideline, 4 plasma pulses (which cause the carrier
density increase of ~6∗1012 cm-2) gives ID/IG ≈ 1.4, from which we compute LD ≈ 9 nm
using equation 2-4 with C’(λ) = 117 nm2 [13]. This defect length corresponds to an
effective defect concentration of ~1.2∗1012 cm-2. We therefore estimate an effective
doping per defect of ~5 on average. This hole doping is also expected to cause an
increase in the G peak frequency, as seen in figure 2-4c, however this is not resolved in
the Raman measurements of figure 3-9.
3.2.4 Quantum Hall measurements
A more in-depth electronic study is performed on another device “M” exposed to
2 oxygen plasma pulses. Prior to magneto-transport measurements, “M” is characterized
by 4-terminal field-effect conductivity measurements and Raman spectroscopy before
and after exposure, and the results are shown in figures 3-11a and 3-11b respectively. The
CNP shifts from 2 V before exposure to 18 V after exposure, with σmin decreasing from
~275 µS to ~100 µS and µFET decreasing from 9800 cm2/Vs to 400 cm2/Vs before
exposure. The Raman spectra measured from device “M” show the emergence of the D
peak after exposure, with ID/IG ≈ 3.
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Figure 3-11. (a) Conductivity as a function of back gate voltage measured in single-layer
graphene device “M” before and after 2 oxygen plasma pulses. (b) Raman spectra of
device “M” taken before and after plasma exposure. The laser excitation wavelength is λ
= 532 nm. The spectra are offset vertically for clarity. (c) Measured resistance as a
function of back gate voltage of post-exposure device “M” at a magnetic field of 18 T
and a temperature of 0.5 K. (d) Measured resistance as a function of magnetic field with
no applied gate voltage under otherwise similar conditions as in (c). The dashed lines in
(c) and (d) indicate the locations of the expected quantum Hall plateaus in Rxy for filling
factors 2, 6 and 10.
Figure 3-11c shows the 4-terminal longitudinal resistance, Rxx, and the Hall
resistance, Rxy, versus Vg measured at a magnetic field B = 18 T (perpendicular to the
graphene) and temperature T = 0.5 K for device “M.” Rxy plateaus can be seen at ±h/2e2
and h/6e2, which are expected quantum Hall plateaus for graphene. The plateaus can also
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be seen at filling factors ν = ±2, ±6 and ±10 in the magnetic field sweep at 0.5 K with a 0
V back gate, figure 3-11d, where ν is defined by [2]

ν=

nh
.
eB
(3-6)

We can also calculate mobility from the Hall effect measured in figure 3-9d using [35]

µHALL =

RH
dR xy
R =
at low B.
ρ xx (B = 0 ) where H
dB

(3-7)
This yields a post-exposure Hall mobility, µHALL ≈ 600 cm2/Vs.

We also note a

pronounced weak localization peak in Rxx(B=0), indicating the presence of disorder.
Interestingly, even with this high level of disorder and low mobility (accompanied by
pronounced weak localization), we still observe the half-integer quantum Hall effect in
the form of well-developed plateaus in Rxy corresponding to Landau level filling factors at
2, 6 and 10.
3.2.5 Weak localization measurements
Rxx(B) measurements in low B are also taken from device “M” at various
temperatures ranging from 0.5 K to 60 K and Vg = 10 V, shown in figure 3-12a. These
data characterize the weak localization in the sample, and we can extract the phase
coherence length, Lϕ, as well as the intervalley and intravalley scattering lengths, Li and
L* respectively, using equations 1-3 and 1-4.
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Figure 3-12. Temperature-dependent magneto-resistance (4-terminal measurements)
showing weak localization in device “M” after 2 pulses of oxygen plasma. (a)
Magnetoresistance, Rxx(B) measured at various temperatures. The traces are offset
vertically for clarity. (b) Extracted characteristic lengths from weak localization fittings
as functions of temperature. The inset shows magnetic-field-dependent ∆σ (solid line)
and the result of fitting (dashed line) using Eq. 4 to extract Lϕ, Li and L*. ∆σ has been
symmetrized between two opposite magnetic field directions.
From the plots of these characteristic lengths as a function of temperature, seen in
figure 3-12b, we note the elastic scattering lengths Li and L* are relatively T-insensitive,
averaging ~14 nm and ~4 nm respectively. We also note Lϕ decreases with increasing T
from ~23 nm at 0.5 K to ~10 nm at 60 K. The temperature-dependent trends for Lϕ, Li
and L* are again qualitatively consistent with previous reports [38, 39] and the previous
electron-beam irradiation measurements.
Next we again attempt to correlate weak localization scattering lengths with the
defect lengths extracted from Raman spectra. To do this, we perform low-field magnetotransport measurements for an array of plasma-etched samples with different levels of
disorder determined my Raman spectroscopy. Figure 3-13a shows ∆σ versus magnetic
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field for this array of samples identified by their ID/IG ratio. As we expect, the weak
localization feature gets broader for higher levels of disorder, indicating smaller values of
Lϕ.
Figure 3-13b shows a progression of Lϕ, Li and L* for increasing levels of
disorder. Though there is a large amount of error in our L* calculation, Lϕ and Li both
decrease significantly with increasing disorder. This can be seen more clearly in figure 314, which plots Lϕ, Li and L* as functions of LD, calculated from equation 2-4 (low defect
density regime) and equation 2-5 (high defect density regime).

Figure 3-13. (a) Average change in conductivity versus magnetic field for various devices
exposed to differing amounts of oxygen plasma. The curves are identified by each
device’s corresponding ID/IG ratio from their Raman spectra. (b) A comparison of the
weak localization scattering lengths derived from the 4 conductivity curves for the
differing ID/IG ratios.
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Figure 3-14. Characteristic scattering lengths derived from weak localization for the
devices in figure 3-11 plotted against a defect length, LD, calculated from their Raman
ID/IG ratios using ID/IG = C’(λ)/LD2 (equation 2-4).
3.2.6 Correlation of weak localization and Raman
As with electron-beam irradiation, both LD and the characteristic scattering
lengths, decrease significantly as the oxygen plasma irradiation dosage increases. We
perform Raman spectroscopy and weak localization measurements on a handful of
samples at different irradiation dosages to correlate the two measurement processes. We
then plot the weak localization scattering lengths Lϕ, Li and L* against an LD calculated
from the ID/IG ratio of the Raman spectrum using equation 2.4 (low defect density
regime) and equation 2-5 (high defect density regime), shown in figure 3-14. We see
some linearity in the data, resulting in an Lϕ around 15 times larger than LD and an Li
around 5 times larger than LD.
3.3 Comparison of electron-beam and oxygen plasma effects
To summarize this study of disordered graphene, we characterized devices
irradiated by both electron beam and oxygen plasma using Raman spectroscopy, field-
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effect measurements, and magneto-transport measurements. For both types of irradiation,
exposure altered each device’s optical and electronic properties. The Raman spectra for
both irradiations showed a D peak progression for increasing exposure characteristic of
continuously increased levels of disorder, progressing through a low defect density
regime defined by increasing ID/IG and a high defect density regime defined by
decreasing ID/IG. When compared to an estimation of the defect length derived from the
amount of irradiation, the data from the electron-beam exposure fit fairly well to equation
2-2, while the data from the plasma exposure fit fairly well to equation 2-4 in the low
defect density regime but to no empirical formula for high defect density, indicating
defect generation through plasma exposure is a more complex process. Another disparity
in the two defect generation processes is the increased amount of attenuation in the G and
2D peaks at high levels of disorder for oxygen plasma irradiation. When the high
exposure oxygen plasma spectra are compared with the electron beam spectra, we see the
G and 2D peaks are much shorter and wider for the oxygen plasma case. The 2D peak
becomes almost completely suppressed for high enough oxygen plasma exposure, while
the 2D peak remains the largest feature for high electron-beam exposures. This indicates
that the ID/IG progression might be caused my two separate types of defects for each case.
Both types of exposure show a degradation of the electronic properties of our
graphene devices. However, while the decrease of σmin, µh and µe appears to saturate for
electron-beam exposure, oxygen plasma exposure appears to continually degrade the
graphene devices and increase the CNP until a point where the device becomes
completely non-conductive. In addition, we see a sharp decrease in graphene’s CNP after
electron-beam exposure and a sharp increase in graphene’s CNP after oxygen plasma
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exposure. We believe these CNP shifts are also caused by two different mechanisms. We
interpret the negative shift of the CNP of electron-beam exposure as due to the generation
of electron-hole pairs in the SiO2/Si substrate, while the positive shift of the CNP of
oxygen plasma exposure is most likely caused by p-doping molecules attaching to the
defects sites.
The magneto-transport measurements for each case show similar results. We see a
weak localization feature in all irradiated samples that gets broader the more disordered
the device is, indicating decreasing phase coherence lengths for increasing disorder. We
also see correlation between the decrease in LD for increasing disorder and the decrease in
characteristic scattering lengths for increasing disorder caused by both electron-beam
irradiation and oxygen plasma etching.
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4 DISORDER AND DOPING EFFECTS ON GRAPHENE RAMAN SPECTRA

As discussed in previous chapters, one can examine the widths, frequencies and
intensities of the G and 2D peaks in a graphene sample to gain information about its layer
number, doping and electron-phonon coupling, whereas the properties of the D and G
peaks, particularly the intensity ratio ID/IG, can be used to characterize disorder in
graphene [7, 12, 19, 24, 47, 48, 58].
There are very few studies, however, examining the effect of graphene carrier
density (nFE) on the Raman peaks in disordered graphene. Such a study will be important
for gaining a more complete understanding of phonons and electron-phonon coupling in
disordered graphene. In this work, we directly investigate the dependence of graphene’s
Raman characteristics on both the carrier density and the level of disorder in a graphene
sample with disorder created by electron-beam irradiation.
4.1 Experimental procedure
Our graphene samples are fabricated using the method described in chapter 1, and
irradiated with an electron beam using a similar procedure as described in chapter 3,
except that the beam current is tuned so that each exposure takes 60 seconds of scanning.
For instance, if the target irradiation dosage is 300 e-/nm2, a current of 0.4 nA would be
used. In addition, the same sample is irradiated multiple times to reach a total
accumulated dosage, Re. For instance, after measuring the device at Re = 300 e-/nm2, it is
irradiated with a further 700 e-/nm2 (0.933 nA for 60 seconds) to arrive at Re = 1000 e-
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/nm2. We note that the efficacy for the electron beam to create defects in graphene can
vary for different experiments and Re is related to, but does not provide a quantitative
measurement of the defect length, LD. All data shown in this chapter are from a single
graphene device and were taken over the course of a few days, though we have measured
similar behaviors in several other samples.
After each successive exposure, the graphene device is removed from the SEM
and transferred to a microscopy cryostat (Cryo Industries RC 102-CM) with electrical
connections and an optical window and then brought to a temperature of ~8 K and a
vacuum pressure of ~10-5 mTorr. Field effect measurements (resistance versus back gate,
Vg) are performed to determine the carrier density of the graphene using

 

   


,

(4-1)

where ε0 and ε are the permittivities of free space and SiO2 respectively, t is the thickness
of the SiO2 substrate, e is the electron charge, VD is the back gate voltage at which the
charge neutral point (CNP) occurs.
Raman spectroscopy is performed using a confocal microscope system (Horiba
Xplora) with an excitation laser of 532 nm at a power of 0.1 mW incident on graphene,
with each spectrum presented as an average of 3 measurements of 20 seconds each.
Using a 100X objective, the Raman laser spot size is smaller than 1 µm2. We characterize
each Raman peak (G, D and 2D) by a Lorentzian fit (Eq. 2-1). Near 1600 cm-1 in the
Raman spectrum for a disordered sample there is an overlap of the G and D’ peaks, and
we fit those peaks together using a double-Lorentzian fit.
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Figure 4-1: (a) Raman spectra (measured with a 532 nm excitation laser) of graphene at
its charge-neutral point (VD) for different dosages (Re) of irradiation by a 30 keV electron
beam. Representative Raman peaks are labeled in the full spectrum for Re = 30000 e/nm2. (b, c) The G and 2D peaks, respectively, for unirradiated graphene at a range of
back gate voltages (V, plotted on the right axis of (c) relative to VD). (d, e, f) Raman
spectra of the D, G, and 2D peaks, respectively, at different back gate voltages (shown on
the right axis of (f)) for the same graphene sample with an irradiation dosage Re = 3000 e/nm2. The spectra of all plots have been offset vertically for clarity.

4.2 Effects on the Raman spectra
Figure 4-1 shows the Raman spectra for our graphene device at various Re and
nFE. Figure 1a shows representative spectra for various dosages of electron-beam
irradiation (Re = 0 e-/nm2 to 70000 e-/nm2) at the graphene device’s CNP. The spectra
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progression from unirradiated to highly irradiated (Re = 30000 e-/nm2) shows a trend of
decreasing 2D intensity (I2D) and increasing D, D’ and D+D’ intensities with increasing
irradiation. Figures 4-1b and c show the spectra near the G and 2D peaks, respectively,
for the unirradiated device at different back gate voltages ranging from -60 V to +60 V
away from the CNP. This progression of spectra shows a minimum in the G peak
frequency (ωG) and a maximum in the G peak width (ΓG) near the device’s CNP. This is
consistent with previous studies of G peak dependence on nFE for pristine graphene. [4346] Figures 4-1d-f show the spectra near the D, G and 2D peaks, respectively, for the
same device after moderate irradiation (Re = 3000 e-/nm2) at Vg ranging from -40 to +60
V away from the CNP. Again we see a trend of decreased ωG and increased ΓG as Vg
approaches the CNP. These trends can be seen more clearly in figure 4-2. We also note
that the field-effect measurements show a trend of decreasing carrier mobility and
minimum conductivity as irradiation increases, which is consistent the results in chapter
3.
Figure 4-2 shows the extracted ωG (a), ΓG (b) and G peak intensity (IG, c) as a
function of Vg-VD, which is proportional to nFE (top axis). In addition to a minimum in ωG
near the CNP for low- to medium-levels of irradiation, we also see a peak in ΓG near the
CNP for the same range of irradiation. However IG shows no significant dependence on
nFE from -4*1012 cm-2 to 4*1012 cm-2 for a fixed Re, nor on irradiation up to Re = 3000 e/nm2. For higher Re, the G peak becomes significantly wider and the overall intensity
increases. In addition, at these high irradiation dosages (Re = 30000 e-/nm2 and 70000 e/nm2), ωG and ΓG show very weak dependence on nFE within the resolution of the
experiment.
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Figure 4-2: Raman G peak frequency (a), FWHM (b) and integrated intensity, IG, (c)
plotted against the gate voltage relative to the Dirac point, V-VD (proportional to the
carrier density, plotted on the top axis), for different dosages, Re, of irradiation. In (c), the
data sets for Re > 0 e-/nm2 are offset consecutively by 100 vertically for clarity.
We note that the maxima and minima in figure 4-2 do not occur exactly at the
CNP, but at some smaller Vg. Similar features can also be seen in other figures. We
believe this is due to the effects of local, laser-induced doping. [60] We also note the
extracted Raman parameters can show fluctuation (nonrepeatable) at larger Re, where we
expect more spatial inhomogeneity of nFE due to charge puddles caused by irradiation.
The fluctuation may be caused by small variations in the location of the Raman laser spot,
which can be caused by small variations in the temperature in the cryostat.
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Figure 4-3: Raman 2D peak frequency (a), FWHM (b), integrated intensity, I2D (c) and
intensity ratio I2D/IG (d) plotted against the gate voltage shift relative to the Dirac point,
V-VD (proportional to the carrier density, plotted on the top axis), for different dosages,
Re, of irradiation.
Next we look at the effect of nFE on the Raman 2D peak for different Re. We see
no clear dependence of the 2D FWHM (Γ2D) on nFE, however the 2D peak frequency
(ω2D) has a broad, weak minimum near the CNP at low irradiation dosages. In figure 4-3c,
we see a maximum I2D near the CNP up to Re = 3000 e-/nm2. We also see a decrease in
the overall intensity of the 2D peak with increasing irradiation. Due to the maximum in
I2D near the CNP, when we plot the ratio of the 2D and G peak intensities (I2D/IG) as a
function of Vg (figure 4-3d), we see a clear maximum of I2D/IG near the CNP for
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irradiation dosages up to Re = 1000 e-/nm2. I2D/IG decreases with increased irradiation,
and at higher irradiation dosages its dependence on nFE disappears.

Figure 4-4: Raman D peak frequency (a), FWHM (b), integrated intensity, ID (c) and
intensity ratio ID/IG (d) plotted against the gate voltage shift relative to the Dirac point,
V-VD (proportional to the carrier density, plotted on the top axis), for different dosages,
Re, of irradiation.
Finally we look at the effect of nFE and disorder on the D peak of graphene. The D
peak shows no clear dependence of peak frequency (ωD) or FWHM (ΓD) on carrier
density as observed. In Fig. 4-4c we see a very weak, broad peak in the D peak intensity
(ID) near the CNP for Re = 300 e-/nm2 and 1000 e-/nm2 as well as an increase in ID for all
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nFE as the irradiation dosage increases up to Re = 30000 e-/nm2. We also plot the intensity
ratio ID/IG in figure 4-4d, where we can see a weak, broad peak near the CNP for Re =
300 e-/nm2 and 1000 e-/nm2. Figure 4-4d also shows a clear trend of increasing ID/IG with
increasing irradiation up to Re = 10000 e-/nm2, which is expected.

Figure 4-5: The change of peak frequency, (a, ∆ω) and FWHM, (b, ∆Γ) from an
unirradiated state for the Raman D, G and 2D peaks at the CNP (V-VD = 0) versus the
irradiation dosage, Re, plotted in a log-log scale. The dashed lines in (a) are power law
fittings to y ∝ Rep. Since we see no significant D peak in the unirradiated state, ∆ω and
∆FWHM for the D peak are plotted relative to Re = 300 e-/nm2. (c) The energy of the
Raman G peak (EG) versus the Fermi energy (EF) of the graphene for different dosages,
Re, of irradiation. The solid lines are linear fittings (Eq. 4-2) far away from EF = 0. (d)
Electron-phonon coupling strength (D) versus Re. For each Re, D is calculated both from
the measured EF dependence of ωG (data in c) by fitting to Eq. 4-2 as well as from the EF
dependence of ΓG (broadening near CNP, from FWHM data in Fig. 4-2b) using Eq. 4-3.
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From figures 4-2 through 4-4, we also note an overall decrease in the frequency
and an increase in the FWHM for the D, G and 2D peaks with increasing Re. This can be
seen more clearly in Fig. 5a and b, which plot the change in the D, G and 2D peak
frequency and FWHM at Vg-VD = 0 from an unirradiated (G and 2D peaks) or lightly
irradiated (D peak) state as a function of Re, which we believe to be proportional to the
defect density (where the proportionality constant depends on the details of the electron
beam interaction with respect to the graphene, which are not known). We see clear trends
of decreasing frequency and increasing FWHM for all peaks as the defect density
increases (increased irradiation). Of the three peaks plotted, the 2D peak shows the
largest change in frequency and FWHM and shows the strongest dependence on Re,
probably due to the fact that 2D is a double-phonon peak. [49]
4.3 Analysis and summary
The trends of increasing ωG and decreasing ΓG for increasing nFE we see in figure
4-2 at lower Re are similar to previous reports for pristine graphene. [43-46] These trends
are attributed to the removal of the Kohn anomaly and decreased electron-phonon
coupling for increased nFE. Our results show that such mechanisms still exist in
moderately disordered graphene. On the other hand, for Re < 10000 e-/nm2, we observe
that IG does not vary appreciably with either Re or nFE within our measurement range.
As disorder increases (increasing Re), ωG and ΓG show less dependence on nFE.
This could be caused by disorder dominating the phonon scattering processes, therefore
reducing the effect of electron-phonon coupling. We can calculate the electron-phonon
coupling strength (D) for different Re using a linear approximation with time-dependent
perturbation theory [43]
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, where

  ! √ 

(4-2)

ωG0 is the G peak frequency at EF = 0 (CNP), Auc = 0.51 nm2 is the area of the graphene
unit cell, M = 2*10-26 kg is the mass of a carbon atom and υF = 106 m/s is the Fermi
velocity in graphene. This equation can be used sufficiently far away from the Dirac
point where the trend of G peak energy (EG =

ωG) versus Fermi energy (EF) is

approximately linear. We perform this fitting in figure 4-5c (solid lines), which plots EG
versus EF for different Re. From the fitting we can calculate D as a function of Re, which
is plotted in figure 4-5d. We see that D decreases with increasing Re. For the unirradiated
sample we find D = 14.7 ev/Å, which agrees fairly well with previous works. [43] D then
decreases to ~7 eV/Å for Re = 30000 e-/nm2.
Another way to extract D, as also discussed in Ref. 42, is to use the total change
in ΓG between the CNP and sufficiently high nFE [43]

.

(4-3)

We plot the extracted values of D from the data in figure 4-2b based on this equation as a
function of Re (except for Re = 30000 e-/nm2 where the fluctuation in ΓG is too large to
allow such analysis) in figure 4-5d, and find the values in general agreement with D
calculated from the peak frequency data (Eq. 4-2), with D = 15.3 eV/Å for unirradiated
graphene, and D decreasing for larger Re, again suggesting that increasing disorder
weakens electron-phonon coupling.
We note the possibility that increased charge inhomogeneity at larger Re could
cause a decreased dependence on Vg-induced nFE. However, from our field-effect data we
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conclude that the inhomogeneity is on the order of < 2*1012 cm-2 at the highest Re
measured. This is significantly smaller than our measurement range, implying
inhomogeneity alone is not the cause of the disappearance of nFE dependence in ωG and

ΓG.
We also see trends of decreasing peak position and increasing FWHM with
increasing Re for the G, 2D and D peaks, which can be seen clearly in figure 4-5 and are
consistent with the results in Ref. 49. We attribute the trend of decreasing frequency to a
softening of the lattice caused by defects, which would reduce the energy of lattice
vibrational modes. We fit the peak frequency trends to a power law, ∆ω ∝ Rep, and find
power dependences of p = 0.88, 0.19 and 0.56 for the D, G and 2D peaks respectively.
We can attribute the increasing FWHM to increased phonon scattering due to defects,
which will decrease phonon lifetime. We have demonstrated a decrease in γEPC with
increased disorder and would expect a similar decrease in γan. These reduced interactions
would reduce the peak FWHM, so an increased FWHM with increased disorder must be
caused by increased γD. One other trend to note is that ΓG remains relatively constant for
low levels of disorder, which is consistent with previous results. [61]
The 2D and D peak frequencies and widths don't have a significant dependence
on nFE, however their integrated intensities show some dependence on nFE at Re < 10000
e-/nm2. At these dosages, both I2D and ID decrease with increased nFE. For the 2D peak,
this dependence has been previously studied in pristine graphene and the intensity ratio
I2D/IG cited as an important parameter to estimate doping concentration [45] (in addition,
I2D is commonly used to determine the number of layers in graphene), [62] however we
note that attention should also be paid to the disorder level, as increased Re causes a
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weakening of I2D/IG's dependence on nFE and an overall decrease in its value. In addition,
the strong dependence of ID on disorder has been used to characterize LD in terms of the
intensity ratio ID/IG. [8, 13, 20, 25, 48, 49, 59] At low values of irradiation, however, we
show this ratio also has a weak dependence on nFE, and this dependence has not been
captured in previous models of LD with respect to ID/IG.
We can also use the I2D/IG ratio to directly calculate the phonon-defect scattering
contribution to the Raman peak width, γD, using [63, 64]

IG

I2D

=

C

γ

A

(γ

A

+ 0.07 ⋅ EF

)

(4-4)

where C is the x intercept of the curve and γA is the doping-independent contribution to
the Raman peak width, γEPC + γD. At 0 e-/nm2, γEPC should be the only contribution to γA.
Using the procedure in Ref. 63, we calculate a γEPC of 94 meV for holes and 65 meV for
electrons (averaging ~80 meV). We can also calculate γA at higher electron beam dosages
and find that γA increases as the dosage increases, averaging 94 meV at 300 e-/nm2, 149 at
3000 e-/nm2 and 322 at 10000 e-/nm2. From these values, we can extract γD as a function
of Re. From figure 4-5d, we can see that electron-phonon coupling decreases as Re
increases. Assuming that the electron-phonon scattering rate is proportional to γEPC, we
can adjust it’s value of 80 meV (0 e-/nm2) at higher Re based on the 4-5d data, then
subtract those values from γA to find γD. The resulting data can be seen in figure 4-6,
which shows a clear trend of increasing γD with increasing Re.
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Figure 4-6: The phonon-defect scattering rate contribution to the 2D Raman peak
FWHM, γD, versus the electron beam irradiation dosage, Re. γD is calculated by
subtracting γEPC from γA, calculated using Eq. 4-4.
We have demonstrated that both disorder and nFE affect a number of Raman peak
parameters, including peak position, width and intensity for the D, G and 2D modes. We
measured these effects and have concluded that increased nFE in graphene causes the
removal of the Kohn anomaly and decreases phonon scattering, while increased disorder
reduces electron-phonon coupling and increases phonon scattering. Our results are
valuable for understanding Raman spectra and electron-phonon physics in doped and
disordered graphene, and they suggest attention should be paid to both disorder and
carrier density when characterizing graphene through Raman spectra.
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5 GRAPHENE-BASED MODULATION OF LASER LIGHT

In this chapter, we will discuss our work using graphene to modulate the intensity
of perpendicular laser light through changes in carrier density. Much like increases in
carrier density in graphene reduce electron-phonon coupling to reduce Raman peak
width, it also reduces electron-photon coupling by blocking the excitation/recombination
process through the Pauli-exclusion principle. At a Fermi energy, EF = 0, graphene has
been shown to interact strongly with transverse laser light polarized perpendicular to the
plane of the graphene, acting as a strong absorber. [65] However, for any perpendicularly
polarized laser with frequency υ, as the Fermi energy of graphene is raised/lowered
above/below hυ/2, these interactions are no longer possible because the energy required
to promote a charge carrier to the valence band is too great and the laser is no longer
absorbed. [66, 67] We can therefore modulate the intensity of laser light by modulating
the carrier density of graphene.
Currently a number of methods exist for integrated modulation of optical circuits,
[68] however they all suffer from inherent problems due to their size, frequency of
modulation, integration, narrow bandwidth or other factors. Graphene solves a number of
these problems through its unique optical and electronic properties. Since it can absorb
any frequency of light through sufficient carrier density modulation, it is applicable to a
wide range of bandwidths. In addition, it is suitable for high frequency modulation due to
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its high carrier mobility. Graphene is also compatible with CMOS structures, allowing for
integration.
With all of this in mind, we will now discuss the devices fabricated in partnership
with Argonne National Laboratory and describe the modulation results obtained from
those devices.
5.1 Device Design
The design of our devices has gone through two major iterations. Firstly, we
constructed macroscopic optical modulators using CVD graphene on uncladded optical
fibers as a proof of principle. The second step was to perform nanofabrication of
integrated circuits using graphene on silicon waveguide chips.
5.1.1 Graphene on optical fibers
The goal of the initial device fabrication was to demonstrate graphene's
absorption of light as a function of light polarization and graphene carrier density.
Starting with large-scale optical fibers provided by Phoenix Photonics, we attempted to
couple a sheet of graphene to a flat, uncladded portion of the fiber.
It is important to minimize the air gap between the graphene and the fiber,
otherwise the laser light will not interact with the graphene. In the initial designs, we used
normal GFET devices so that the graphene carrier density could be easily modulated, and
laid an optical fiber directly on top of the device (figure 5-1a). Due to the macroscopic
nature of the fiber, however, even when pressing down on the fiber, we were unable to
minimize the air gap. This occurred because the flat section of the fiber is ~100 µm wide,
such that even a small angle between the flat side of the fiber and the graphene substrate
results in too large of a separation between the fiber and the graphene (figure 5-1b).
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Figure 5-1: (a) Original device fabrication laying optical fiber on top of a GFET. We see
limited results however, likely caused by small rotations in the optical fiber demonstrated
in (b). (c) Alternate device fabrication depositing CVD graphene on top of the optical
fiber.
It was determined that the only viable method that resulted in good contact was to
directly apply CVD graphene coated with PMMA directly on the top of the fiber (figure
5-1c). Because the graphene with PMMA is more malleable, this allows for much better
contact, however, there are a number of drawbacks to this approach. One problem is that
the PMMA on the surface of the graphene cannot be removed once applied, as any
process that would remove it would also do damage to the fiber and the graphene. This
PMMA reduces the quality of the graphene. Another problem is that any movement of the
fiber will tear the sheet of graphene covering it, so the fiber must be affixed to a PC board
well.
The larger problem, however, is that there is no conceivable way to gate the
graphene on top of the fiber due to the macroscopic nature of the setup. The size of the
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fiber is so large, it cannot be placed into any deposition system that would allow an
insulating layer or electrical contacts to be fabricated. It is possible to use the PMMA on
top of the graphene as an insulation layer, with a second layer of CVD graphene on top of
that as a top gate electrode, but the PMMA is 500 nm thick and the voltages needed to
modulate the Fermi energy on the order of hυ/2 would cause dielectric breakdown in the
PMMA. We could use a thinner PMMA, but that would prohibitively increase the
fragility of the graphene sheet.
Our long optical fiber is attached on one end to an infrared laser emitter that can
be rotated to change the polarization direction of the laser. This laser passes through the
fiber and interacts with the graphene in the middle of the fiber length, where the cladding
has been removed and the fiber has been beveled to produce a flat side ~100 µm wide.
After interacting with the graphene, the laser light passes to the other side of the fiber,
with is connected to a readout board that converts the intensity of the laser light to an
output voltage, which can be measured with a voltmeter.
Using this setup, we are able to investigate the polarization-dependence of the
light absorption. As the polarization of the light changes from perpendicular to the
graphene to parallel, we expect to see an increase in the transmitted laser intensity. Figure
5-2 shows the voltage readout of the laser absorber as a function of laser polarization
angle. By defining a 0 degree rotation to be where the voltage is the smallest, we see a
change from ~2 V to ~2.5 V going from 0 to 90 degrees. The voltage then drops back
down to ~2 V at 180 degrees. The periodic modulation demonstrates that the graphene is
indeed absorbing ~20% of the light when the light is perpendicular.
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Figure 5-2: Voltage readout versus laser polarization angle for a macroscopic graphene
modulator device. A polarization angle of 0 degrees is defined as the rotation where the
voltage readout is minimum (perpendicular).
5.1.2 Graphene on waveguides
To see gate modulation, however, we need to fabricate nano-scale devices that can
undergo a number of processing steps. This requires the fabrication of silicon waveguides
to couple to the graphene absorption layer. The fabrication process would consist of an ebeam lithography step to etch waveguides into a silicon wafer (figure 5-3), then deposit
CVD graphene onto the waveguides and fabricate electrodes to measure and gate the
graphene.
This second step of the project is still in the preliminary stages. As of this writing,
no results have been gathered on the modulation of laser light through the changing
carrier density of graphene. We hope to provide will provide a versatile, high frequency
way to modulate laser light through integrated optical circuitry.
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Figure 5-3: Measurement setup for a nano-scale waveguide integrated into a Si chip.
CVD graphene can be deposited onto the waveguide and undergo nanofabrication
processes to create electrodes and a top gate.
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6 GRAPHENE-BASED RADIATION DETECTION

6.1 Device design
We would also like to discuss another graphene-related project relevant to the
study of disordered graphene in this report. As mentioned previously, one of the
motivations for studying disordered graphene is to determine graphene’s viability for
making radiation-hard devices. What we are especially interested in is a graphene fieldeffect transistor (GFET) used as a detector of nuclear radiation (particularly gamma rays).
The basic design of the GFET radiation detector can be seen in figure 6-1. We use
the basic GFET production process described previously in this report on an undoped
SiO2/Si substrate. At a low enough temperature where the thermal activity of the charge
carriers is sufficiently small, the undoped silicon substrate exhibits insulating behavior.
Under these conditions, an applied back gate has little effect on the Fermi energy of the
graphene because the change in potential is distributed across the entire substrate
thickness of 0.5 mm (figure 6-1a). If we then expose the substrate to radiation, the
energetic photons will produce primary Compton electrons in the semiconductor
substrate supporting graphene, creating regions of conductivity due to the increased
presence of charge carriers. With the substrate now conductive, the voltage drop from the
back gate is now across a much smaller separation distance, increasing the electric field
experienced by the graphene and causing a change in the resistance measured (figure 61b). By monitoring the resistance of the graphene and applying a reasonably large Vg
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(~10 V), we should be able to detect the presence of ionizing radiations. Moreover, we
hope to gain some information about the energy of the incoming radiation based on the
amount of change of the graphene’s resistance (eg. higher energy photons will ionize
more charge carriers, inducing a larger change in the resistance.)
To perform these experiments at room temperature, however, requires a substrate
different than undoped Si. This is because that at high enough temperatures, even
undoped Si becomes conductive, such that radiation has little effect on the electric field
experienced by the graphene. For room temperature measurements, we use graphene
exfoliated onto SiC substrates.

Figure 6-1. Schematic of a basic graphene field effect transistor (GFET). (a) Using an
insulating undoped semiconductor substrate, a supplied back gate will produce only a
small electric field across the thickness of the substrate. (b) Incoming radiation can ionize
the substrate, however, making it conductive and producing a much larger electric field
across the thin insulating top layer. This change in electric field can be measured as a
change in the resistance of the graphene.

74
The process for exfoliating graphene onto SiC, however, is much different than
the process for Si/SiO2. This is because SiC is a transparent material and single-layer
graphene on top of SiC is invisible to the human eye. First graphene must be exfoliated
onto a material on which it is visible and then transferred to SiC at a pre-determined
location.
We start by spinning a layer of polyvinyl alcohol (PVA) onto a plain Si
wafer then a layer of PMMA. We then perform the normal graphene exfoliation
process described in chapter 1 using tape-to-tape peeling, however, extra care
must be taken when removing the tape, as it is easy to tear the PVA/PMMA film.
Once the graphene has been exfoliated, the PVA/PMMA film is then carefully
peeled off of the underlying substrate and suspended with a border of tape.
Graphene flakes are then located under a microscope and isolated with small (<4
mm diameter) metal rings. These rings are then used to apply the graphene flakes
onto specific locations of a SiC substrate with alignment marks at high
temperatures (~120 C) under vacuum. High temperatures cause the PVA/PMMA
film to bond onto the SiC, such that when the PMMA is dissolved in acetone, the
graphene flake is transferred to the SiC. The graphene flake is invisible on the SiC,
but we know where it is, and so can use EBL to create electrode on it as normal.
This entire process is illustrated in figure 6-2.

75

Figure 6-2: The process for transferring graphene onto a SiC substrate. The yellow
arrows guide the process from peeling graphene onto a PVA/PMMA film and
transferring that film to the SiC, where the PVA/PMMA is then dissolved and electrodes
are patterned onto the graphene.
6.2 Modeling
Figure 6-3a shows the Monte Carlo (using CASINO) simulation of possible paths
of secondary electrons ionized by a 400 keV primary Compton electron through a 0.5
mm-thick silicon substrate (the top SiO2 layer is indicated by the dashed line). In the
simulations, the ionizing radiation is modeled coming from the back of the substrate to
minimize the damage to the graphene. We note that a large number of the possible paths
create ionization tracks through the entire substrate. This is beneficial for detection
purposes, as it can cause the entire thickness of the substrate to become conductive, but it
also means there is potential for these energetic electrons to interact with the graphene,
which could have effects similar to those seen in graphene devices exposed to electronbeam irradiation.
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Figure 6-3. (a) Monte Carlo (using CASINO) simulation of possible paths of secondary
electrons ionized by a 400 keV electron through a 0.5 mm-thick silicon substrate (the top
SiO2 layer is indicated by the dashed line). Higher energy electrons generated from
gamma rays could even pass through the substrate and interact with the graphene. (b)
Calculated distribution of the equipotential lines for an example of a substrate region
ionized by radiation that begins inside the Si and reaches the SiO2/Si interface (black
box).
The extent to which the electric potential can be affected by an ionizing
track in undoped 500 µm-thick Si can be seen more clearly modeled in Fig. 6-3b.
If we begin the track a small distance inside the substrate and have it reach all the
way to the SiO2/Si interface, we see the voltage drop across the SiO2 insulating
layer is ~5 V, as opposed to an effective voltage drop of zero without ionizing
radiation. This creates an electric field strength on the order of 107 V/m, which
should modulate the resistance of the graphene device ~100-1000 Ω, depending
on the sample.
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Figure 6-4. Monitoring resistance over time for silicon-based GFET device “N” both with
no supplied back gate (a) and a -20V back gate (b) measured at 4K and high vacuum (106
torr). A 15kV-15mA X-ray source was turned on during the light grey time period,
showing no change in the un-gated resistance, but a noticeable change in the gated
resistance. This demonstrates a proof-of-concept for the device, showing that the
incoming radiation effects how the graphene experiences the gate voltage. In the dark
grey time period a 60kV-60mA X-ray source was turned on, showing a significantly
higher result for the gated graphene, demonstrating some amount of energy resolution
capability in the device.

6.3 Radiation response
Figure 6-4 shows “proof of concept” data that the resistance of our graphene
devices on Si/SiO2 is modulated through the back gate by incoming radiation. Figure 6-4a
shows a trace of resistance over time with no back gate voltage applied. Fig. 6-4b shows
a trace of resistance over time with a -20 V back gate applied. In both cases, the data was
taken at 4.3 K in high vacuum (10-6 torr) with an X-ray source turned on at 15 kV and 15
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µA from time, t = 30 to t = 90, then at t = 90 the X-ray source is switched to 40 kV and
80 µA until t = 150.
There are three important results to note for figure 6-4. First, for the case where a
back gate is applied, we see a clear response to radiation in the resistance of our device.
For the lower X-ray voltage and current, the resistance increases by ~100 Ω, or ~3% of
the total resistance. When the higher X-ray voltage and current are turned on, the
resistance increases by an additional 300 Ω, which is more than a 10% change from the
original resistance. This difference in response is the second important result in our data.
Lower energy X-rays appear to cause a smaller change in the graphene resistance,
indicating there is some energy dependence to the response. The exact response to a
given energy, however, is highly sample-dependent, so our devices would have to be
calibrated before use. The third important result is that at 0 V back gate, figure 6-4a, the
device shows no response from either X-ray setting, implying that it is the radiation
interaction with the back-gated substrate that modulates the graphene resistance.
Using a SiC substrate, we have seen similar responses to X-rays, UV and visible
light at room temperature. Figure 6-5 shows the response of a GFET device on SiC to a
400 nm laser with a power of 7.4 µW incident on the graphene. Figure 6-5a shows
normal field effect curves for the device with and without illumination. We see a much
greater modulation of the graphene’s resistance under illumination, measuring a full
ambipolar field effect with a CNP of ~15 V. We also see an intersection of the light and
dark curves (0 µA photo-current in figure 6-5b) near 0 V back gate, which is expected if
the photo-current is caused by graphene’s interaction with the back gate. To further
demonstrate this concept, we also measure the photo-current as a function of time at fixed
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Vg (figure 6-5c). At 100 s, the device is illuminated with laser light, and we can see that
at 0 V back gate there is no response, while we see a positive photo-current response at 20 V and a negative photo-current response at 20 V, indicating the direction and
magnitude of the response can be tuned by the back gate voltage.

Figure 6-5: (a) GFET current versus back gate voltage for a device on a SiC substrate in
dark (black) and illuminated by a 400 nm wavelength laser at 7.4 µW. (b) Photo-current
calculated by subtracting the dark current from the illuminated current versus back gate
voltage. (c) Photo-current versus time at back gate voltages of 20 V (blue), 0 V (black)
and -20 V (red). The laser is turned on at 100 s and then turned off at 200 s.
We must still consider our study of electron-beam-induced disorder in graphene
to determine if graphene is sufficiently rad-hard for the purposes of our radiation
detection project. We may see a degradation of the electronic properties of our graphene
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for continued exposure to high-energy radiation, since ionized charge carriers have a
chance to interact with the graphene and cause disorder. This degradation, however,
saturates at values still reasonable for our purposes. We don’t need a high mobility in our
radiation detection samples, we just need to be able to see a non-negligible change in the
resistance. We will, however, note that suspending the graphene on a radiation detector
might make the device more rad-hard, as evident by the much-suppressed shift in the
CNP for electron-beam irradiated suspended graphene. Other improvements to the device
include a 3 dimensional array of GFETs to determine the trajectory of the incoming
ionizing radiation and creating p-doped channels in the insulating substrate around
graphene, which help collect ionized charge. This allows for more accurate energy
resolution and also cuts down on relaxation time between events.
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7 IRRADIATION OF TOPOLOGICAL INSULATORS

For the final section of this report, we will discuss the results of our study of the
effects of energetic irradiation on topological insulator materials. This study was
performed to investigate the effects of a defect-generation method similar to that used
with graphene on the Raman spectra and AFM profiles of topological insulator (TI)
materials. We will mainly focus on the effects of plasma etching, though the effects of
electron beam and monochromatic laser are also studied to some degree. In this report we
will discuss Raman spectroscopy and atomic force microscopy (AFM) data gathered
from samples of Bi2Se3, Bi2Te3, Bi2Te2Se and Sb2Te3.
7.1 Topological insulator properties and significance
Topological insulator materials have received much attention recently in the
scientific community because of their distinct properties and potential in nano-electronic
applications [69]. Topological insulators are three-dimensional materials that are
insulating in the bulk, but conductive on the surface, creating a two-dimensional system
with Dirac fermions similar to that of graphene.
Plasma etching is a tool commonly used in conjunction with lithographic
techniques to fabricate topological insulator thin films or flakes such as Bi2Se3 and
Bi2Te3 into devices. Our goal is to investigate what changes plasma etching will induce in
topological insulator materials.
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7.2 Sample fabrication
High quality bulk topological insulator crystals Bi2Se3, Bi2Te3, Sb2Te3 and
Bi2Te2Se have been synthesized using the Bridgeman method [70]. Samples studied in
this work were fabricated using micromechanical exfoliation of bulk crystals onto a
300nm SiO2/Si substrate. This exfoliation process is exactly the same as the process for
exfoliating graphene. Once peeled, the samples were located using an optical microscope
and then confirmed to be ~100 nm thick using AFM.
A sample’s optical properties can also give some insight into its thickness. At
~100 nm, all topological insulator material flakes appear white. Below 100 nm, they
begin to take on a pinkish hue that gets darker the thinner the flake is. Unfortunately,
much thicker flakes (>300 nm) can also appear pink, so some adjustment of the focus is
necessary to determine if the surface of the flake is at the same elevation as the substrate.
Flakes of 100 nm thickness are desired so that they can be gradually etched away using a
reasonable amount of argon plasma exposures in our study.
7.3 Experimental procedure
Plasma etching of topological insulators is also performed in a manner similar to
the irradiation of graphene. Our plasma etching was performed in the same microwave
plasma system as with the graphene irradiation study, using the same settings and
procedure, except that the etching times are measured in seconds instead of pulses and
both oxygen and argon plasma are used. The microwave-excited plasma exposure is
applied to the samples cumulatively, and AFM and Raman measurements are performed
in ambient atmosphere and temperature after each successive exposure.
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The electron beam exposure is also performed in the same manner as with the
graphene irradiation study. The laser exposure is performed by the λ = 532 nm Raman
laser operating between 1 mW to 10 mW with a spot size of <1 µm.
AFM measurements were performed using an ambient AFM system (NT-MDT
NTEGRA Probe NanoLaboratory) operating in the tapping mode, where an area of 10
mm by 10 mm around a TI flake is scanned. The thickness quoted is averaged from an
interior area of the sample.
Raman measurements were performed using the same confocal Raman
microscope (Horiba XploRA) with a 532nm excitation laser, averaging four acquisitions
each of 20 s. The power of the laser is kept low (~200 µW) with a laser spot size of ~1
µm in diameter. We use Raman spectroscopy to study the Eg2 and A1g2 crystal vibrational
modes [71] in our topological insulator samples. We cannot observe the lower vibrational
modes Eg1 and A1g1 because they appear at wavenumbers inaccessible for the filter of our
Raman detector.
7.4 Argon plasma etching
7.4.1 AFM measurements
Figures 7-1a-c show selected AFM images of a Bi2Se3 flake after various amounts
of plasma etching. Height profiles along the colored horizontal lines for various stages of
the etching process are plotted in figure 7-1d. As is the case of all the topological
insulator flakes we studied, argon plasma etching reduces the height of the samples in a
non-uniform manner across the whole flake. Initially, the flakes exhibit a relatively
smooth surface. However, the surfaces become increasingly rough the longer they are
argon plasma etched, reaching a roughness (height fluctuation) as large as ~20 nm.
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Additionally, some edges of a sample are etched at a much lower rate than the rest of the
sample, resulting in large disparities in height across the sample after a long plasma
etching time. Given enough time (~30 s for this sample), however, even the slowly
etched edges of the samples are completely removed from the substrate.
Similar AFM measurements are performed on Bi2Te3 (figure 7-2), Bi2Te2Se
(figure 7-3) and Sb2Te3 after various amounts of plasma etching, with qualitatively
similar findings.

Figure 7-1. (a-c) Atomic force microscopy images taken of a Bi2Se2 flake (~86 nm thick)
before (a) and after 2 s (b) and 6 s (c) of argon plasma etching. The thickness of the flake
decreases with continued etching. (d) Measured height profiles along the dashed lines
(color online) shown (a-c) for various etching times.
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Figure 7-2. (a-c) Atomic force microscopy images taken of a Bi2Te2 flake (~130 nm
thick) before (a) and after 4 s (b) and 8 s (c) of argon plasma etching. The thickness of the
flake decreases with continued etching. (d) Measured height profiles along the dashed
lines (color online) shown (a-c) for various etching times.

Figure 7-3. (a-c) Atomic force microscopy images taken of a Bi2Te2Se flake (~94
nm thick) before (a) and after 2 s (b) and 6 s (c) of argon plasma etching. The thickness
of the flake decreases with continued etching. (d) Measured height profiles along the
dashed lines (color online) shown (a-c) for various etching times.
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Figure 7-4a shows the average interior thicknesses of the Bi2Se3, Bi2Te3, Sb2Te3
and Bi2Te3Se samples as functions of plasma etching time. The height is averaged over
an interior area of the sample to avoid less-etched edges. In our study, we find that the
Bi2Se3, Bi2Te3 and Bi2Te2Se samples are all etched at similar rates (~10-13 nm/s), while
Sb2Te3 has a faster etching rate (~40 nm/s). We also calculate and plot the RMS of the
interior heights, figure 7-4b, which also indicate an increased surface roughness as
etching time increases (except when the sample is almost etched away with height
approaching that of the surrounding substrate to cause the RMS to decrease again).
7.4.2 Raman measurements
Figure 7-5a shows the Raman spectra of our Bi2Se3 sample before and after
exposure to a progression of argon plasma etchings. The initial Raman spectrum shows
peaks at 130 cm-1 (Eg2) and 173 cm-1 (A1g2), both of which agree well with the values
reported in previous works. [71-73] We can also see the tail of the A1g1 peak – expected
to appear at 72 cm-1 – but the full peak is largely truncated by the filter. The positions,
widths and intensities of the Eg2 and A1g2 peaks, determined using Lorentzian fits to the
spectra, are plotted in 6-5b and c. We observe the positions of the Eg2 and A1g2 peaks
remain relatively constant throughout the etching process, seen in figure 7-5b. We do,
however, observe a moderate increase in the width of the Eg2 peak with increased etching
time, as also seen in figure 7-5b. Figure 7-5c shows an increase in the intensity of both
the Eg2 and A1g2 peaks with increased etching before the intensity of the entire spectra
decreases sharply as most of the flake is etched away. The intensity ratio I(Eg2)/I(A1g2)
largely decreases as etching increases, as seen in figure 7-5c.
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Figure 7-4. (a) Average sample height versus plasma etching time for 4 different types of
topological insulator samples. Prior to etching, all samples were around 100 nm thick.
The height is averaged from an interior area of the sample. The Bi2Se3, Bi2Te3 and
Bi2Te2Se samples are all etched at similar rates (~10-13 nm/s), while Sb2Te3 has a faster
etching rate of ~40 nm/s in this test. (b) The RMS of the interior heights versus plasma
etching time. The RMS increases as the etching increases, indicating increased surface
roughness.
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Figure 7-5. (a) Progression of Raman spectrum of an 86 nm-thick Bi2Se3 sample subjected
to various amounts of argon plasma etching. The etching time is accumulated over a series
of exposures. Spectra are offset vertically for clarity and are measured using a 532 nm
excitation laser. The initial Raman spectrum shows peaks at ~130 cm-1 and ~173 cm-1,
corresponding to the Eg2 and A1g2 vibrational modes (inset). (b) The positions and full
widths at half max of the Eg2 and A1g2 peaks as a function of argon plasma exposure time.
(c) The intensity of the Eg2 and A1g2 peaks, as well as the intensity ratio I(Eg2 )/I(A1g2 ) as a
function of argon plasma etching time.
We see similar trends in the progression of the Raman spectra of Bi2Te3 (figure 76) and Bi2Te2Se (figure 7-7) as those trends observed in Bi2Se3. The initial Raman
spectrum of Bi2Te3 shows peaks at 100 cm-1 (Eg2) and 132 cm-1 (A1g2), which agree well
with values from previous reports, [71, 74, 75] and the initial Raman spectrum of
Bi2Te2Se shows peaks at 101 cm-1 (Eg2) and 138 cm-1 (A1g2). In the case of Bi2Te3, we
note both the Eg2 and A1g2 peak show a pronounced widening even for relatively small
levels of plasma exposure.
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Figure 7-6. (a) Progression of Raman spectrum of a 130 nm-thick Bi2Te3 sample
subjected to various amounts of argon plasma etching. The etching time is accumulated
over a series of exposures. Spectra are offset vertically for clarity and are measured using
a 532 nm excitation laser. The initial Raman spectrum shows peaks at ~100 cm-1 and
~132 cm-1, corresponding to the Eg2 and A1g2 vibrational modes. (b) The positions and
full widths at half max of the Eg2 and A1g2 peaks as a function of argon plasma exposure
time. (c) The intensity of the Eg2 and A1g2 peaks, as well as the intensity ratio I(Eg2
)/I(A1g2 ) as a function of argon plasma etching time.
We observe an increase in the Raman spectrum intensities of all our studied
materials as plasma exposure increases, reaching the highest intensities when our sample
thicknesses are reduced to ~20 nm (before the flake is etched away). Previous reports
have also measured an increase in Raman intensity for sufficiently thin films. This
intensity increase has been attributed to constructive interference of internal reflections of
the Raman signal in the films. [72, 76-78] We have also seen similar trends in Raman
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intensities dependent on the thickness using un-etched TI flakes consistent with those in
previous reports. However, for our plasma etched samples, we see increases in intensity
at thicknesses larger than those seen in previous reports. [72] We attribute this to
increased roughness on the material surface causing areas of the sample reaching
thickness lower than the average thickness.
We also note a decreasing trend in the intensity ratio I(Eg2)/I(A1g2) (particularly
pronounced for Bi2Te3) as plasma etching increases. In a previous report, a reduction in
this intensity ratio for thinner Bi2Te3 films is attributed to the emergence of infrared
modes (A1u and A2u, the latter of which has the same frequency as A1g2). [79] Infrared
modes becoming Raman active in thin TI films has been attributed to a breaking of
crystal symmetry or built-in electric fields on the surface of the material. [72, 79] We
note, however, in our case we do not see an emergence of the A1u (116 cm-1) IR-activated
peak in our plasma-etched samples. This could be related to doping in our samples
causing an insufficient E-field on the surface or to the defects in our samples.
The other significant trend in Raman spectra we observe is the increasing width of
the A1g2 and Eg2 peaks as plasma etching increases. Widening of the Raman peaks can be
attributed to a decrease in phonon lifetime, caused by increased phonon scattering in the
sample. [80] A previous report has noted an increase in Raman peak width in sufficiently
thin TI films (<15 nm). [73] In this study, we see an increased width even for relatively
thick films (~80 nm). We suggest that the disorder and surface roughness generated by
plasma etching may play an important role in phonon scattering and Raman peak
broadening in our samples.
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To reinforce the evidence that this increased peak width is largely caused by
plasma-induced disorder (rather than just a thickness reduction), we also measured the
Raman spectra of pristine peeled Bi2Se3 and Bi2Te3 films for a wide range of thicknesses
(figure 7-8) and saw no significant increase in A1g2 and Eg2 peak width down to ~10 nm
thickness, though we do see increased peak intensity at lower thicknesses, which is
consistent with previous results.

Figure 7-7. (a) Progression of Raman spectrum of a 94 nm-thick Bi2Te2Se sample
subjected to various amounts of argon plasma etching. The etching time is accumulated
over a series of exposures. Spectra are offset vertically for clarity and are measured using
a 532 nm excitation laser. The initial Raman spectrum shows peaks at ~101 cm-1 and
~138 cm-1, corresponding to the Eg2 and A1g2 vibrational modes. (b) The positions and
full widths at half max of the Eg2 and A1g2 peaks as a function of argon plasma exposure
time. (c) The intensity of the Eg2 and A1g2 peaks, as well as the intensity ratio I(Eg2
)/I(A1g2 ) as a function of argon plasma etching time.
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Figure 7-8. (a) The positions and full widths at half max of the Eg2 and A1g2 peaks as a
function of thickness for various non-irradiated exfoliated Bi2Se3 flakes. (b) The intensity
of the Eg2 peak , I(Eg2 ), and intensity ratio I(Eg2 )/I(A1g2 ) as a function of thickness for the
same samples as in (a). (c) The positions and full widths at half max of the Eg2 and A1g2
peaks as a function of thickness for non-irradiated exfoliated Bi2Te3 flakes. (d) The
intensity of the Eg2 peak , I(Eg2 ), and intensity ratio I(Eg2 )/I(A1g2 ) as a function of
thickness for the same samples as in (c). The dashed lines in (a) and (b) represent a multireflection fitting model for thin films. [74]
As an additional indication of the effect of disorder generated by plasma etching,
we also measured the magneto-resistance (figure 7-9) of a thick (~100 nm) Bi2Se3 device
before and after a brief amount of oxygen plasma etching that does not significantly
reduce the thickness. After the etching, we see emergence of a very small weak antilocalization feature, indicating increased electron scattering from defects generated by
plasma etching. [81]
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Figure 7-9. 4-terminal resistance plotted against a variable magnetic field for a ~100 nm
thick exfoliated Bi2Se3 device before and after brief argon plasma etching. The etching
did not significantly reduce the thickness of the sample, but still resulted in the
emergence of a small weak anti-localization feature around B=0T. The curves are offset
for clarity. Before etching, Rxx(B=0) = 4.4 Ω; after etching, Rxx(B=0) = 7.6 Ω.
7.5 Oxygen plasma etching
7.5.1 AFM measurements
We also subjected Bi2Se3, Bi2Te3 and Sb2Te3 samples to oxygen plasma etching
and then performed AFM and Raman measurements. Figure 7-10 shows select AFM
profiles along with their corresponding Raman spectra to describe the progression of
surface morphology. Figure 7-10b shows the Bi2Se3 flake before exposure, where the
surface of the sample is very smooth. After 10 s of plasma etching, we begin to see very
large (~170 nm), infrequent bumps on the surface of the Bi2Se3 in the AFM profile while
most of the surface remains smooth (figure 7-10d). After 300 s of oxygen etching, we see
the large, infrequent features are now small (~10 nm) features covering the entire surface
of the sample (figure 7-10f). The linear density of these features is ~3 µm-1. The features
appear to be bumps rather than holes, indicating the oxygen etching is causing a growth
on our sample that is most likely an oxide layer. To more clearly illustrate this
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phenomenon, figure 7-10g shows AFM height versus lateral distance along the three
colored lines shown in the AFM profiles of figures 6-10b, d and e. We note that the total
thickness of the sample after Tp = 300 s is larger than the thickness of the pristine sample
(220 nm compared with 170 nm).

Figure 7-10. Three Raman spectra (a, c, e) of a single Bi2Se3 sample corresponding to
three AFM profiles (b, d, f) at different amounts of exposure: (a, b) before etching, (c, d)
after 10 s of exposure, and (e, f) after 300 s of exposure. The sample progresses from
smooth before exposure to a few large bumps and eventually develops a full coverage of
smaller bumps. (g) AFM height versus lateral distance along the three colored lines
shown in the AFM profiles.
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For Bi2Te3, the oxygen plasma had no effect on the AFM profile of the sample,
even after 300 s etching. Conversely, oxygen plasma exposure on Sb2Te3 did etch the
sample, destroying a 200 nm-thick flake in 40 s, indicating an etch rate of 5 nm/s for our
plasma system, compared to an argon etching rate of ~40 nm/s for Sb2Te3.
7.5.2 Raman measurements
Figure 7-11 shows a progression of Raman spectra for a 170 nm-thick Bi2Se3
flake exposed to an accumulated amount of oxygen plasma. Before exposure, the Bi2Se3
flake exhibited the expected Eg2 (130 cm-1) and A1g2 (173 cm-1) vibrational modes. We
also see the truncated tail of the A1g1 vibrational mode, with an expected peak of 70 cm-1.
Unlike with argon plasma, when the Bi2Se3 is exposed to oxygen plasma, it
begins to exhibit 2 new peaks in the Raman spectra. The first new peak appears at 252
cm-1 after 10 s of etching, when the AFM profile shows large, infrequent growths. The
other peak appears at 235 cm-1 after 120 s of etching, when the AFM profile shows
smaller, more frequent growths. Though there is no specific precedent for these new
peaks, we believe they could be related to oxide peaks. The peak at 252 cm-1 is close to a
vibrational mode of Se-O [82] while 235 cm-1 is close to a vibrational mode of Bi-O [83],
though it is not clear why we only see one of each, since there are many peaks associated
with these vibrations.
It is also interesting to note the progression of the intensities of these two new
peaks for increasing exposure. Similar to the behavior of the D peak in graphene, the
ratios of these peaks appear to grow up to a maximum value of ~2 for I(252)/I(130) and
~0.4 for I(235)/I(130)at etching time, Tp = 150 s. The peaks then begin to attenuate for
increasing exposure, with both ratios ending at ~0.15 for Tp = 300 s.
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Figure 7-11. A progression of Raman spectra of a 170 nm-thick Bi2Se3 sample subjected
to increasing accumulated amounts of oxygen exposure. Spectra are offset vertically for
clarity. The initial Raman spectrum shows peaks at 130 cm-1 and 173 cm-1, corresponding
to the Eg2 and A1g2 vibrational modes (b inset). After heavy exposure, the spectra show an
emergence of new peaks at 235 cm-1 and 252 cm-1.
Next we look at the progression of Raman spectra for oxygen-etched Bi2Te3
(figure 7-11b). The Raman spectrum again starts off with the 2 expected peaks – the Eg2
peak at 100 cm-1 and the A1g2 peak at 133 cm-1 [71]. Interestingly, no new peaks emerge
from exposure to any amount of oxygen plasma, even after 300 s of etching, which is
consistent with a lack of change in the AFM profiles. Oxygen plasma seems to have no
effect on Bi2Te3.
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Figure 7-12. (a) A progression of Raman spectra of Bi2Te3 (a) and Sb2Te3 (b), both
around 100 nm thick, subjected to increasing accumulated amounts of oxygen etching.
The spectra are offset vertically for clarity. (a) The spectra show the expected Eg2 and
A1g2 peaks at 100 cm-1 and 133 cm-1 respectively, but no new peaks appear with increased
exposure. (b) The spectra show the expected Eg2 and A1g2 peaks at 110 cm-1 and 164 cm-1
respectively. Oxygen plasma appears to etch Sb2Te3 fairly quickly, leaving new Raman
peaks at 128 cm-1 and 143 cm-1.
In the case of Sb2Te3, the Raman spectra again show 2 main peaks – Eg2 peak at
110 cm-1 and the A1g2 peak at 164 cm-1 [71]. Oxygen etching of Sb2Te3, seen in figure 711b, causes the emergence of 2 new peaks at 128 cm-1 and 143 cm-1, though they are not
very visible until the etching causes an attenuation of Eg2 and A1g2. Interestingly, these
peaks appear to get stronger as the main peaks weaken, to a point where there is only
residue left in the AFM profile and these 2 new peaks have completely replaced the
original peaks. Unfortunately, we cannot identify the nature of these extra peaks.
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Figure 7-13. (a) A progression of Raman spectra of Bi2Se3 subjected to increasing
accumulated amounts of 2 mW laser exposure. Spectra are offset vertically for clarity.
With increased exposure, the spectra show an emergence of the 235 cm-1 and 252 cm-1
peaks, as well as an attenuation of the 130 cm-1 and 173 cm-1 peaks. (b) AFM profile of
the same Bi2Se3 sample after 300 s of laser exposure. (c) AFM height versus lateral
distance along the colored line in (b) shows a large bump where the laser was focused.

7.6 Other irradiation effects
The next characterization we perform is Raman spectroscopy and AFM for a
Bi2Se3 flake heated by the 532 nm Raman laser. Fig. 6-13a shows the progression of
Raman spectra for increasing exposure to the laser operating at 10 mW on the sample.
Interestingly, we see the emergence of the same peaks associated with oxygen plasma
etching, though their behaviors appear monotonic for the most part, with their intensities
continuously increasing in comparison to the attenuating Eg2 peak. This data again
suggests that these extra peaks at 252 cm-1 and 235 cm-1 are oxide peaks formed by the
burning of the Bi2Se3 with the focused laser.
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Fig. 7-13b shows an AFM profile of the same Bi2Se3 flake after 300 s of laser
heating, with Fig. 7-13c showing AFM height versus lateral distance along the red line in
Fig. 7-13b. The feature in the center of the AFM profile is a pronounced bump where the
laser was focused. This bump was not present before the laser exposure, indicating oxide
growth. The other significant feature in the upper right corner of the AFM profile was
formed by focusing the laser operating at 20 mW on the flake for 1 minute. Unlike the
gentler heating at 2 mW, the 20 mW laser quickly burnt a hole directly through the flake,
depositing the material around the edges of the hole.
Lastly, we report that electron-beam exposure up to 10000 e-/nm2 had no effect on
the optical or physical properties of any of the Bi2Se3, Bi2Te3 or Sb2Te3 samples.

100

8 DIRECTION OF FUTURE WORK

If further work were to be done in the field of energetic irradiation’s effect on the
optical and electron properties of graphene, there are many avenues to pursue. Clearly
there is much more to be studied to fully characterize the effects of energetic irradiation
on graphene.
We would like to further investigate the discrepancies between our electron-beam
and oxygen plasma data to better determine the nature of the defects in each case. We
would like to determine why the shape of the high-disorder spectra look different in each
case, specifically the shapes of the G and 2D peaks, We would also like to know why the
Raman spectra progression for the electron-beam irradiation does not fit well to the
expected formulas.
It would also be illuminating to systematically study how the Raman spectra of
graphene and specifically the disorder D peak are affected by other parameters. We have
demonstrated how the shape, position and intensity of the peak are affected by disorder
and carrier density, but it would also be beneficial to measure how the D peak changes
with temperature or strain, as full empirical model for the defect length based on ID/IG
may need to be modified to fit these parameters as well.
Much more work could also be done studying the electron-phonon coupling
measured by Raman spectroscopy. Using this novel measurement method, we could
explore other ways to increase or decrease electron-phonon coupling. For instance, a
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recent study [84] showed that Ytterbium intercalation of graphene enhances its electronphonon coupling by a factor of 10.
Gated Raman spectroscopy to probe electron-phonon coupling is a powerful
technique that could also be extended to other types of graphene such as twisted bilayer
[85], multilayer [86] and graphene heterostructures [87, 88], or even other twodimensional materials [89].
In addition, we could also study how disorder affects other properties of graphene,
such as thermal conductivity. Graphene’s thermal conductivity is among the highest of
known materials, reaching as high as several thousand watts per meter Kelvin. [90] We
would expect disorder to affect graphene’s thermal conductivity, though, to our
knowledge, this hasn’t been studied experimentally.
More work could also be done studying the effect of energetic irradiation on
topological insulators. Specifically, we would like to investigate how energetic irradiation
could enhance the electronic properties of a topological insulator. Modelling a recent
study that used an electron beam to tune the Fermi energy of Bi2Se3 to reduce bulk
conduction [91], we performed some preliminary experiments with gamma irradiation
and saw an increase in carrier mobility, but much more investigation is needed.
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Producing Graphene Flakes:
Preparing the Silicon Wafers:
A: Cutting Wafers – Obtain a large silicon wafer fragment with alignment marks from the
fume hood.
The alignment mark wafers should be discernable from a normal wafer due to the crisscross patterns of gold across the surface, each line separated by about 0.5cm. The wafer
will need to be cut up along those lines to produce 0.5cm square silicon chips.
1. To cut up the wafer, use the diamond-tipped cutter also found in the fume hood. If the
tip is too dull, it can be exchanged for a new tip, found in a small plastic cylinder in the
top-right drawer of the desk.
2. Using a glass slide as a guide placed over the silicon wafer, drag the cutter along a
series of parallel gold lines.
3. Then put the wafer on top of the glass slide and line up the edge of the slide with the
first score made on the surface of the wafer.
4. Using a clean cloth, apply pressure to both sides of the cut separating the overhanging
to fracture it along that line, creating a strip of silicon 0.5cm wide and multiple
centimeters long.
5. Repeat steps 2-4 on the newly-created silicon strip to cut it into squares.
6. Repeat steps 3-5 as needed to create more strips and squares.
B: Cleaning Wafers – Before peeling, the wafers need to be cleaned to ensure best
possible sticking. Be sure to wear nitrile gloves to guard against harmful chemicals and
contaminating the wafers.
1. First use the nitrogen gun to spray of any silicon dust that may still be on the chips.
2. Then submerge the chips in acetone. There should be a bottle of acetone next to the
fume hood along with a beaker labeled “acetone.”
3. Place the beaker in the sonic bath located next to the sink. Before turning in on, make
sure the water in the bath is clean and is full up to the line marked as the operating level.
If it isn’t, use the “DI” tap in the sink to remedy the problem.
4. Turn the bath on and then press the button to turn on the sonic waves. Let it run for 5
minutes.
5. Transfer the chips from the acetone bath to another beaker filled with isopropanol.
Swish the IPA around to make sure the acetone is washed off.
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6. One by one, take the chips out of the IPA, blow them dry with the nitrogen gun and
place them on a glass slide.
Use of the Plasma Etcher:
(Note: This step may have a harmful effect on the Dirac point of the graphene samples. It
is left in for completeness, but it is recommended that this step be skipped until more
study has been done.)
Plasma Etching is another step to help fully clean the wafers and it also makes the surface
of the silicon hydrophilic, which will help the graphene to stick to the surface.
1. Make sure the large knobs on the front of the etcher are turned fully counter-clockwise
and the small knobs are turned fully clockwise. Then, of the 3 switches on the front of the
etcher, turn on the leftmost 2, the cooling system and the gas controller.
2. Then open the valves on a gas cylinder or regulator (argon or oxygen) to start flowing
the desired gas into the system.
3. Place the glass slide with the chips into the etcher and place the Pyrex bell jar over the
slide, making sure it rests on the plastic ring.
4. Turn on the rotary pump on the ground to the left of the etcher and then turn on the 3rd
switch to start pumping out the bell jar.
5. Adjust the appropriate set of knobs (left for oxygen, right for argon) to set the circular
dial to 5 and the vertical air tube to 3.
6. Press 5 on the microwave controls to start the plasma etching for 5 minutes. (Note:
There is also a knob on the right side of the microwave to adjust the power of the etching.
It should be turned up to maximum.)
7. Once the timer is up, reverse steps 2-5 in reverse order; turn down the dials, vent the
bell jar, turn off the pump, remove the bell jar, take out the glass slide and close the
valves to the gas cylinder. Also turn off the other two switches on the etcher last. (Note:
Peeling onto the chips should be done immediately after they are removed from the
etcher. They don’t remain hydrophilic for long, so be sure to have the peeling tape
prepared before the etching is completed.)
8. Log your use in the notebook next to the plasma etcher.
Peeling Graphene with Scotch Tape:
Many graphite samples can be used to peel graphene on onto the chips, but the process is
the same for each. Start by selecting a graphite sample and performing the first peeling,
which will act as a base for the rest of the peelings.
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1. Take a green roll of magic scotch tape and peel off an inch-long strip and discard it.
2. Then peel a second strip of the same length and affix a small square of paper on the
sticky end that was touched.
3. Holding the tape by the paper strip, lay it down on the graphite sample and firmly rub
the back of the tape with a Q-Tip to fully affix the graphite to the tape.
4. Peel the tape slowly away, taking a layer of the graphite with it.
5. Repeat step 2 on another piece of tape and lay it – sticky side to sticky side – on top of
the tape with graphite on it, fully covering it.
6. Using the paper pieces as handles, slowly peel the two pieces of tape apart, splitting
the graphite layer in half.
7. Repeat steps 5 and 6 as much as necessary until the graphite on the tapes is sufficiently
thin. (Note: “Sufficiently thin” is a subjective condition. Try different thicknesses of tape
samples until one is found that works best.)
8. Once a graphene tape piece has been created for every chip prepared, finish running
the plasma etcher and then bring the cleaned chips over to the prepared tapes.
9. Place the prepared tapes, one at a time, sticky side down, on top of the silicon chips
and very lightly rub them over with a Q-Tip a couple of times. (Note: Only use newly
created tape pieces to peel graphene directly onto the silicon. Any piece of tape that a
new piece of tape was peeled from will have too much glue on it.)
10. Then peel the tape off of the silicon chips very slowly, making sure to pull the tape
perpendicularly away from the surface of the chips to minimize smearing of the tape glue.
11. Discard the used tape strips, along with any pieces that can’t be peeled any further.
Searching for Graphene:
One graphene has been peeled onto the surfaces of the chips, it then needs to be found
using the high-powered optical microscope. The microscope itself operates like any other
microscope, with a focus, X-Y movement adjuster, light power knob and various
apertures (5, 10, 20, 50 and 100X, coupled with a 10X magnifier in the lens. The
specialty comes in the use of the PixeLink program installed on the computer coupled to
the microscope.
Using the PixeLink Microscope:
Affixed to 300nm of SiO2 on top of a silicon wafer, a single layer graphene can actually
be seen with the human eye. It will appear as a slightly darker blue on the surface of the
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blue SiO2. This contrast can be enhanced, however, by changing the RGB of the display
of the microscope on the computer program.
1. Find the bulk ZYA graphene sample and place it on the slide next to the prepared
samples. Look at it under the microscope and locate the very large graphene sample near
the end of the scratch (there is a large multi-layered piece with a large single-layer piece
coming out of it).
2. Switch to the 20X aperture size and look at it on the PixeLink screen. First adjust the
brightness (the exposure slider on the left side of the screen) and focus so that the
graphene sample is visible.
3. Next, adjust the red, green and blue image parameters (scroll the left side box down to
see these sliders) so the graphene is as pronounced as possible against the backdrop of the
silicon. Turning the red exposure up should help with this (2.5 red, 1 green, 1 blue should
work well). Readjusting the overall exposure may be necessary, as well, so that the
graphene doesn’t get drowned out in the brightness of the red.
4. Take note of the exposure value at 20X aperture size, then switch to 100X and readjust
the exposure so the graphene is again clearly visible. Note this value, too. Whenever
switching back and forth between the apertures, make sure the corresponding exposure
value is also set correctly. Don’t adjust the brightness knob of the microscope after this
point.
5. Once the microscope values are set, proceed to search for graphene on the prepared
chips. This can be done by sweeping back and forth across a chip on the 20X aperture,
zooming in to 100X whenever something noteworthy is seen. What exactly constitutes
something noteworthy simply takes experience to pinpoint. If you’re just starting out, it
helps to have reference images to compare against. More experienced lab members
should be able to point you towards some.
6. Once a graphene flake has been found, it needs to be documented with pictures taken
with the Pixelink software; 2 pictures to be precise.
7. The first picture will be a capture at 50X. The purpose of this picture is to produce an
image with the flake and four alignment marks surrounding the flake. Before hitting the
capture button, however, pull down the adjust menu and select magnification. Make sure
it is set to 50 and then hit “capture.”
8. The program will pull up a “save as” window. It is imperative all images are
documented appropriately. On the H Drive of the computer, there is an “Olympus Images”
folder which contains a list of user names. Under each user, there will be a list of dates,
and each date folder will contain the images captured on that day. Create the appropriate
folders and then save the image. When giving the image a name, make sure to include an
index of the chip, the graphene flake on the chip and the picture of the flake (something
like sample1-A01).
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9. Once the picture is saved, measure the size of the flake using the measurement tool (a
small yellow ruler button toward the top left of the screen) and then save the image again
by closing the window.
10. Move to the 10X aperture and take the second picture. This picture should contain a
large area surrounding the flake with at least one large alignment mark as an index for
where the flake is on the wafer.
11. Once the chips have been fully searched and documented, the chips with flakes
should be stored and those with nothing can be put back in the fume hood to be cleaned
and used again.
12. Before storing the chips, they should first be scratched in a corner away from any
flakes. This is so the chips can be differentiated and an orientation of the chip can be
distinguished.
13. Take the chips with flakes and put them in the flat square sample boxes found in the
top left drawer of the desk. Put a label on the box with a clear description of the picture
files documenting the chips and a picture of chip with the scratch in an orientation
corresponding to the orientation of the pictures.
Creating Electrodes on the Graphene Flakes:
Preparing the Sample for the E-Beam Lithographer:
Once a chip with flakes has been documented and stored properly, it can be retrieved
later to continue the process of device creation. The first step is converting the picture
files into something that can be used in AutoCAD to design electrodes.
1. Open the 50X image of the flake with Microsoft Picture Manager. The first goal is to
rotate the image so that the alignment marks are perfectly oriented up and down and left
and right. Use the cropping tool to provide a straight line with which to make sure the
alignment marks are properly oriented.
2. Once they are, then use the crop tool to crop the image down to a 100umx100um
square with the exact centers of the alignment marks at each of the corners. Save the new
image.
3. Open the 10X image. Rotate the picture the same amount as the first picture and then
crop the image to the alignment marks closest to each edge. Make sure that a large
alignment mark is still in the picture. Save the image.
4. Once the pictures are prepared, take the chip down to Dr. Rohkinson’s cleanroom in
the basement.
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Use of the Photoresist Spinner:
Note: Make sure when in the cleanroom and even when handling the E-Beam sample
holder outside the cleanroom to wear nitrile gloves.
1. Place the chip on the chuck of the spinner and turn on the vacuum on the floor below
the spinner.
2. Turn on the spinner controls on the table to the right and make sure it is set to 6000
RPM and a 45 second spin.
3. Make sure the wafer is centered and press the footpad on the floor to start the spinner.
Make sure the spinner is running as close to 6000 RPM as possible and then stop it.
4. Procure a bottle of PMMA from the chemical cabinet or from the table and use the
dropper to deposit a single drop onto the wafer and immediately start the spinner with the
floor switch.
5. After 45 seconds of spinning, turn off the vacuum and transfer the chip from the
spinner to the hot plate, which should be set to 180 degrees C. The chip should prebake
for 1.5 minutes.
6. After the prebake, transfer the chip to the E-Beam sample holder, which is kept in a
glass case in the fume hood. The tightening screw should be on the left. Place the chip in
the holder so that it is oriented the same way as the pictures taken (take note that the
microscope camera rotates images 180 degrees, so that the way the chip was sitting under
the microscope is the opposite orientation as it should be in the holder). Make a scratch
on an unimportant section of the wafer with a scratcher located in the fume hood, then
blow free any loose particles with the nitrogen gun and place the holder in its glass case.
Programming the Electrode Patterns:
Before continuing with the physical processing of the wafers, the programming of the
patterns should be discussed. The AutoCAD portion can be done on any computer with
AutoCAD in advance, but the work on ELPHY must be done on the computer controlling
the e-beam lithographer. Typically, all of this work can be done while waiting for the ebeam filament to warm up, as discussed later.
Use of AutoCAD 2004:
Any version of AutoCAD can be used as long as it can import pictures. This manual will
be discussing the use of AutoCAD 2004, since it is installed on the e-beam computer.
1. Open the program and select a blank template, making sure the units are set to metric.
Then, every one unit of measurement should correspond to 1um.
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2. Load the 4-alignment-mark picture created earlier into the file by selecting
“insert/image manager” in the drop down menu. Select the attach button in the top right
corner and then select the file from the computer’s folder. Hit okay a couple times until
your cursor becomes the outline of the picture. Click once to choose a location of the
bottom left corner, then click again to choose the size. This method is imprecise, so just
click wherever and then fix the size and position manually.
3. To fix the size and position, select the picture by clicking on its border, then move to
the properties menu on the left side of the screen to change some values. If the properties
menu is not there, there should be a button to show it somewhere on the right side of the
toolbar at the top of the screen. In this menu, adjust the position to (-50,-50) and the size
to 100x100. This way the picture is the actual size (100um by 100um) and the center of
the picture is at the origin. Note you can always rotate the image as needed (a positive
angle will rotate the image counter-clockwise), but the position is always set by the
original bottom left corner, so if the image needs to be rotated 90 degrees, its position
should be set to (50, -50).
4. Now that the picture is set, drawing lines for electrodes can begin. These lines won’t
actually be what the e-beam reads, but will act as a guide later on. First it is a good idea
to draw an outline of the graphene flake itself. Choose a layer color that will be visible on
the surface of the picture, and then choose the line tool. Once the drawing of line
segments is finished, the escape key will end the tool use.
5. Next use the line tool to draw where the electrodes will go on the graphene sample.
Extend these lines from the sample out to the edge of the picture, spreading them out as
much as possible, while also avoiding any anomaly (glue, graphite, dirt, etc.) on the
silicon surface. Also draw a cross in one of the picture corners to represent an alignment
mark.
6. Once the initial guides are drawn, this picture can be deleted and the next, larger one
loaded in. Before loading it, however, select the drawn alignment mark, as well as all of
the end line segments for each electrode together, the ones that were at the edge of the
picture, and hit ctrl-C to copy them.
7. Load the 10X picture with the same procedure as step 2, then adjust its position and
size as in step 3. Note that the graphene flake should be in the same place as in the
original picture, so count the alignment marks from the flake to the edge, as well as the
number of marks on a side to adjust the size and position in the properties menu to the
appropriate values.
8. Once the picture is set, hit ctrl-V to bring up the copied lines and place them on top of
the picture so that the alignment mark lines coincide with the proper alignment mark.
9. Continue the copied lines to the edge of the larger image, still making sure to avoid
anything that would impede electrodes.
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10. Once the lines are finished, delete the PixeLink image and select all the lines that
were just drawn on top of it. Notice that the lines that should overlap are not on top of
each other. Adjust the position of the selected group of lines so that they do overlap as
best as possible.
11. Save the drawing as a .dxf file.
Use of ELPHY:
Once ELPHY is opened, there are a number of small windows on the screen, some used
to manipulate the e-beam and some used to program the writing of the e-beam. This
section will discuss that writing.
Window One: On the left center of the screen, there should be a .csf directory window.
Through this window, you can look at the contents of .csf directories, which will contain
the drawing files of the electrode patterns.
Window Two: There is a small window slightly to the right of the top left corner of the
screen, which contains a list of macros that can be used as commands during the writing
process.
Window Three: Covering the bottom of the screen should be a position list window. If it
is not there, select “file/new or open position list” from the drop down menu. Here is
where commands for the writing process can be dragged and dropped and then executed
to expose the PMMA in an electrode pattern.
1. Start in window one by creating a new .csf directory or opening an existing one by
clicking on the standard Windows buttons.
2. Once a directory is opened, select “load .dxf file” under “edit” of the main program’s
drop-down menu, and load the drawing created with AutoCAD. Prompt will come up
asking how to assign the layers of the .dxf file to the layers of the new file, but doing so is
unnecessary, since the lines so far are just guides and won’t actually be used during the
writing process. Some other prompts may come up after that, but just click “okay” until
the file actually loads.
3. Open the newly loaded .dxf file by right-clicking and selecting “edit.” This will open a
new window and a new toolbar.
4. The first thing to do when opening a new drawing is to format the working area by
clicking on the two buttons in the top right corner of the newly opened window. The first
button to press is the middle of the three. It’s a layer button that looks like different
colored sheets on top of one another. This opens a new window that allows the toggling
of the visibility of various layers. By clicking on the “edit” button, new layers can be
created and their settings can be adjusted. Click on the top right button to create more
layers. At least three layers will be needed in addition to layer 0.
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5. Next open the working space window by clicking the button to the right of the layer
button, which looks like a bunch of overlapping blue boxes. Here you can set working
areas for e-beam writing. Each layer drawn will correspond to a working area and
anything in that layer drawn outside the layer will not be written by the e-beam. The
smaller the area, the finer the lines that can be drawn. Typically, one small area is
required, sized 200 by 200, centered at (0,0), to write the finer electrodes near the
graphene, and at least one larger area, sized 1000 by 1000, to write the electrodes leading
to the contact pads more efficiently. Click the blank page button a couple times to create
some new work areas and change their names, sizes and locations (location is set from
the center of the area) as seen fit. Check the check box next to the small area just created
before closing the window.
6. Begin drawing the first layer for the thin electrodes connected to the sample. Do this
by selecting the “create path” tool and using it to trace along the guides created in
AutoCAD. How long the layer one electrodes extend off of the graphene is subjective.
They can extend all the way to the edge of the small writing area, but that will take longer
for the program to write, since a small current will be used to do the fine writing.
Typically the electrodes are extended to about halfway to the edge of the area. To create a
path polygon, left click on the end of the line to be formed, and then click again each time
the line needs to turn. Right click at the end of the final line segment (instead of leftclicking) to end the path. By double-clicking on the polygon created, its parameters can
be changed, including the position of the sequence of way-points of the path, as well as
its thickness and layer number. Change the layer number to 1 and the thickness to an
appropriate value. Depending on the size of the flake, the number of electrodes being
created and the spacing between them, thickness should be somewhere around 1 um or
smaller. There should be at least 1-2um between different electrodes to maintain path
independence.
7. Once the first layer is drawn, continue with the second layer, still drawing within the
small writing area. The second layer electrodes should extend from the ends of the first
layer (overlapping by 1-2um) to the edge of the writing area. In the transition from layer
2 to layer 3, the program will have to zoom out to a larger writing area, causing some
misalignment between the two layers. To compensate for this, once a layer 2 path reaches
the end of a writing area, do not end the path, but continue it for 20-30um along the edge
of the writing area in an L shape to form half of a cross for the intersection between
layers 2 and 3. Once drawn, double-click the polygons to change them to layer 2 and
change their thickness to around 3um.
8. Layers 3 and above should be written in a larger 1000umx1000um writing area and
should extend the electrodes from layer 2 out to large contact pads that can be wire
bonded onto. To see the limits of the larger working areas, open the working space
window again and put a check by whichever working space is intended on being used.
Before finishing the electrode paths, first draw the contact pads on the edges of the large
working area. Contact pads can be drawn with the “draw rectangle” tool. Once drawn,
they can also be double-clicked to adjust their size, position and layer number. The
contact pads should be at least 300umx300um in size and there should be at least 100um
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between any two pads. Also remember to set the appropriate layer number. When
drawing the higher layer electrodes, remember to form a cross with the end path segment
of layer 2 to continue the electrode from layer 2 to the contact pads created. Change the
thickness of the paths to around 10um and the layer number, as well. (Note: Due to the
restrictions of contact pad placement, for more than 4 or 5 electrodes on a device, it may
be necessary to draw the 10um electrode set in groups of separate layers, each layer
working within its own 1000umx1000um area that is placed off-center to provide more
total work space.
9. Once all the electrodes and pads are drawn, go to the layer options window and turn
off layer 0, then select all the remaining layers (everything just drawn) by holding down
shift while clicking to form a box with the cursor. Hit ctrl-C to copy all of the drawings.
Also make sure to save the work done.
10. The .dxf file isn’t used for the actual writing program. For that, another file should be
copied into the .csf directory. Click on “open directory” in the directory window and
browse the files of the computer through C:/Quantum/Users/Isaac and into one of the
dated folders and open one of the directories. There should be a file called “pattern.”
Copy this with ctrl-C, then open your directory and paste the pattern file into it. Open it
with right-click/edit and delete anything drawn in it except for the 3 small red boxes
belonging to layer 63. These alignment squares are very important to the process and are
needed for accurate work. Once everything else is deleted, paste in all the electrode
drawings from the other file. Also go into the working area window and re-setup the sizes
and positions of all the working areas used in the creation of the electrodes. Once this has
been set up, the electrode-drawing stage is complete and the position list programming
can then be addressed.
11. Select “file/new position list” from the main drop-down menu and answer yes to any
prompted questions. This position list will act as a list of commands to be given to the ebeam to write the drawn electrodes efficiently and accurately. The first command should
be to set the magnification to 50, which can be dragged and dropped from the small
macro window. Even though the current should already be set to 20pA, in might be a
good idea to drag and drop a command to set it to that value next, just in case.
12. Next, the pattern file should be dragged and dropped into the position list. When this
is done, the program will run through writing a single layer of that file. Specify the first
layer to be written as 63 by clicking on the box in layer column of the position list. Then
drag and drop the pattern file again and set this line to layer 1.
13. Next, change the e-beam current to a higher value to write layer 2. By increasing it,
the write time is decreased, but the accuracy is decreased as well. Once the close
electrodes have been written, however, accuracy is not all that important, so the current
can be set to up to 2nA by dragging and dropping than command. Then insert a layer 2
pattern command.
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14. To draw the next layers, the magnification needs to be increased, so drag and drop a
command set it to 250. Then change the current again to 20nA.
15. Drop in commands to write the rest of the layers, one at a time. Then, when the write
process is finished, reset the current to 20pA.
16. In addition to changing the layer of the pattern commands, many other settings need
to be tweaked. First, change the position of each of the command lines (the right-most
two columns in the position list window). For any macro or layers 63, 1 or 2 of the
pattern commands, the position should be set to (0, 0) (u is x and v is y). For the larger
layers, the position should be set to whatever the position was for the write area used to
draw that layer. Note that the positions in these columns are in units of mm, so 300um is
0.3.
17. Next, right click on the layer 1 command line and select “edit properties.” Here
specify the proper writing area by clicking on the writing area button in the window that
pops up and then selecting the writing area used to create that layer. It is important that
both the (u, v) position and the writing area are changed appropriately. Just specifying
one or the other is not good enough. Next click the “change parameters” button and
uncheck all of the boxes in the extended window, then click the “calculator” button. In
this window, the dwell times need to be specified to correspond with the appropriate
current. Change the current value on the right side to 0.02nA and then adjust the value in
the top-left input box so that the value in the box below it is as close to, but not less than
0.001. To change the value in the middle box, change the top box and then hit the
“calculate” button. Repeat until the correct value is found, then move on to the next tab
and put in the same value for the top box and hit “calculate” again. Once that is done,
click okay on all opened windows to close them.
18. Repeat step 17 for layer 2 and all subsequent layers, making sure the current value
used in the dwell time calculations is the same as the current used to write that specific
layer.
19. Once the position list is properly set up, it can be executed by selecting all appropriate
commands together and clicking on the central blue “run selection” button in the position
list window.
Using the Lithographer and Its Functions to Draw the Pattern in the Photoresist:
The e-beam lithographer is a powerful but complicated tool. It requires a coordinated use
of both computer screens running two different programs. This section will be a step-bystep process of what functions should be used to load the sample into the machine, align
the beam properly, focus the beam, find desired writing area, write and then unload the
sample.
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Loading the sample:
1. Wearing gloves, transfer the sample holder in its glass case to the e-beam machine.
Before doing anything with the machine, make sure no one is using it or baking it out.
Check the gun pressure in the vacuum tab. If it’s higher than 2*10^-7, talk to someone
about baking out the system.
2. On the right-hand screen of the computer, click the “vacuum” tab on the window, then
click the “vent” button.
3. Wait for the rotary pump behind the computer to shut off, then open the valve of the
regulator on the nitrogen tank to the right of the computer to start nitrogen flowing into
the e-beam chamber.
4. Watch the digital readout of the barometer on the back-right corner of the computer
desk. After a couple of minutes it should rise to 760, atmosphere.
5. Once the pressure reaches 760, grab hold of the front panel of the e-beam machine and
pull. If it still won’t slide out, wait longer for the pressure to equalize. Eventually it will
slide out and the sample holder can be loaded onto the base, making sure the holder slides
tightly and fully into the base plate.
6. Slide the panel back into the machine, turn off the flow of nitrogen and click the
“pump” button on the computer. Once the sample holder has been loaded, gloves can be
removed.
7. After 5-10 minutes, the turbo pump should have allowed the chamber to reach a
sufficiently low pressure, at this point, a small green check will replace the red x in the
bottom right corner of the left computer screen labeled “vacuum.” Once the vacuum turns
green, the other two checks should change from grey to red. Right click on them and
select “beam on.”
8. There will be a short “running up” process before the two red marks become green, but
even once they turn green, an hour must pass before the e-beam filament will be fully
warmed up and can write accurately. During this time, electrode patterns can be created
as discussed above and the alignment process can begin.
9. Turn on the picoammeter to the left of the computer. Once it has booted up, press the
“zchk” button to start it reading. Also flip the switch on the left side of the e-beam
machine to the up position.
Aligning the Beam:
1. On the right-hand screen, locate the movement window near the center of the screen.
In the leftmost tab of the window, select “Faraday Cup” from the list and click “go.” In
the magnification window directly below it, select 30x from the drop-down list and click
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“set.” On the left screen, click the “scanning” tab and set the scanning speed to 6. If no
image is showing up on the screen, turn the beam on by clicking on the “beam on” button
on the right screen, which is somewhere in the middle of the buttons lining the top of the
screen. At the end of this process, there should be an image on the left screen with a dark
circle embedded in a white band. This is the Faraday cup, a tiny hole on the bottom right
border of the sample holder.
2. Next, the beam needs to be shifted down from the Faraday cup. The beam can be
moved with the left joystick sitting on the computer desk. If that movement is not
accurate enough, the screen can also be moved by clicking the “center” button on the list
of buttons lining the top of the left screen. Once clicked, anywhere in the view can be
clicked and the beam will center on that point, such that clicking on the bottom of the
screen will cause the beam to move downward. A third way to move the beam is the
movement window in the right screen. In the left tab, the beam can be moved to pre-set
positions, or in the middle tab, the beam can be moved relative distances, such that
setting 0 for u and -1000 for v, then clicking “go” will make the beam move down 1mm.
Note that if the beam is moved in this way, the beam itself turns off, so that the “beam on”
button must be clicked after movement to see an image again. Move away from the
Faraday cup halfway down to the edge of the metal, then set the magnification from the
magnification window higher until all that is seen is the bright metal.
3. Go to the “apertures” tab in the left-screen window and click the “emission” button.
The screen should go black and then slowly fill up again with a light pattern that should
look vaguely like a small circle with a cross coming out of it, sitting in a larger darker
circle.
4. Adjust the shift and tilt as best as possible until both the small light circle and the large
dark circle are centered. To adjust the shift and tilt, click on the “shift” and “tilt” buttons
in the apertures tab, then click on the arrows surrounding the grid to move the little red
dot around. Generally, it is good to adjust shift until the outer circle is centered, then
adjust tilt to center the inner circle.
5. Once adjusted, click “emission” again to revert to normal view, then move back to the
center of the Faraday cup and adjust the magnification to its highest value so that the
entire screen is dark.
6. Look at the picoammeter. The goal is to get the reading to 20pA. Adjusting the
emission should have gotten it in the ballpark, but fine-tuning may still be needed.
Continue adjusting shift and tilt until the peak value is found.
7. Once shift and tilt can no longer be adjusted to increase the current, double click the
text box at the bottom of the tab for the current. Raise or lower this value by a single
integer and see what effect that has on the current. If it raises the current, adjust tilt as
necessary to again find a maximum value for the current. If the current lowers when the
value is changed, open the window again and change the value in the opposite direction.
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8. Repeat step 7 until the picoammeter reading can no longer be increased by changing
the current value, the shift or the tilt. If the machine is running appropriately, the reading
should now be somewhere around 20pA.
Focusing the beam:
1. Go to the 30x magnification and use the movement tools to locate the scratch made in
the wafer.
2. Zoom in on a bright spot of the scratch using the magnification button in the left screen.
To use the tool, click on the button, then click the screen. While holding down the left
mouse button, move the mouse left and right. Moving left will zoom out and moving
right will zoom in. Zoom in until a single bright interesting feature of the scratch takes up
a large portion of the screen.
3. Reduce the view of the beam so that it only images the selected feature. To do this,
click on the “reduce” button. This will create a green box in the view area, which can be
adjusted in size and shape by clicking on the dots on its border.
4. From the scanning tab of the left window, adjust the scanning speed to 8 or 9.
5. Adjust the focus until the feature is as clear as possible. To adjust the focus, use either
the up-down movement of the right joystick, or the spinning metal circle located near the
mouse. The spinning metal circle has coarse and fine adjustment settings which can be
toggled between by pressing down on it. Both settings are finer than the joystick
movements. Make sure to, if using the joystick, not moving left or right. This will change
the tilt value, which will then need to be reset from the apertures tab.
6. Once focused, return to the Faraday cup and repeat step 6 in “aligning the beam” to
adjust for any misalignment caused by focusing.
Finding the Writing Area:
1. Change the scanning speed to 6 and the magnification to 30x and then move the beam
to an unimportant section of the wafer (a place where no electrodes will be written).
(Note: Imaging occurs using the same functions of the e-beam that develop the photo
resist, such that looking at anything also develops it. The operator must be careful when
searching for the writing area to not dwell on any single area too long unless absolutely
necessary. The beam should be turned off whenever possible to minimize exposure, and
the site of the graphene flake should never be imaged directly.)
2. Using the magnification tool, zoom in until the location of an alignment mark can be
pinpointed. This may take a few tries, but once seen, center the beam on the alignment
mark and zoom in further until it takes up a large portion of the screen, re-centering as
necessary.
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3. Click “reduce” and adjust the window so that it frames the alignment mark.
4. Turn off the beam and take a look at the 10x image of the graphene sample. Note the
numbers on the large alignment mark and its orientation, such that it is clear which way
the beam must be moved to raise and lower the two numbers on each alignment mark.
5. Using the relative movements of the movement window in the right screen, find the
closest large alignment mark. The distance between each small alignment mark is 100um
and each block is 10x10 with the large mark located at (0, 0). Note that the orientation of
the wafer will make it impossible to move exactly from mark to mark. There will be
some offset in one direction when moving in the other. It’s best to jump from mark to
mark in small increments to make sure they don’t get lost from the view entirely.
6. Once the closest large alignment mark has been located, jump from large alignment
mark to large alignment mark until the one in the 50x image is located.
7. From the large alignment mark, jump from small mark to small mark to find one of the
four alignment marks surrounding the graphene flake, preferably the one least in the way
of the electrodes coming off the sample.
8. Center the mark as best as possible, then move to the position window on the center
right-hand side of the right computer screen. From the middle tab, the absolute
coordinates can be adjusted. Set the coordinates such that the center of the four alignment
marks is (0, 0), just like it is the electrode pattern file. For example, if looking at the top
right alignment mark, the coordinates should be set to (50, 50), if looking at the bottom
right mark, (50, -50).
9. Zoom in on the alignment mark further until only the cross is visible. Set the scanning
speed to 9 or 10. Adjust the focus until the mark is as clear as possible. Note this is a very
difficult step. It is very hard to get a clear image of the cross because it is covered in
PMMA, but it is important to focus as best as possible to get the most accurate writing.
10. Go to the first tab of the movement window, select “origin” from the list and click
“edit.” In the menu that pops up, click “read” and then confirm the change. This will set
the origin destination to the alignment mark so that the beam can get back there without
having to repeat the entire finding procedure.
Writing:
1. Before writing, return to the Faraday cup and make sure the beam is still aligned. It
tends to drift over time, so adjust accordingly.
2. Unfortunately, aligning the beam also moves the absolute position around slightly, so
set scanning speed to 6, magnification to 2000x, make sure the reduce window is up, and
then return to the origin value set previously. Turn the beam on and if the alignment mark
is not immediately visible, quickly turn the beam off. If the mark was out of view,

122
positions have shifted significantly and need to be reset. Try and get back to the large
alignment mark and work back to the origin from there, but if that doesn’t work, the
whole finding procedure need to be done again.
3. Once the origin is found and re-centered, readjust the absolute position again so that
the mark is exactly at the correct corner, then run the position list created previously.
(Note: Watch the writing process carefully at all times. If a mistake was made and
something executes incorrectly, stop the process immediately by pressing the “stop”
button in the window on the right, fix the problem and run the code from where it was
left off.)
4. The only interactive part of the write process is alignment. Running the code of layer
63, a window will pop up on the right screen with an image in the range of the one of the
red boxes. What should be seen is an alignment mark. Once fully imaged, a cross will
appear at the center of the screen. Using the mouse cursor, line up the mouse cross with
the central cross and ctrl-click on it. Holding both buttons down, move the central cross
so that it lines up perfectly with the cross of the alignment mark, then click “continue.”
5. Repeat the process for the other two layer 63 boxes, then the process will repeat for all
three boxes to make sure everything is exactly centered.
6. Once alignment is finished, the process should continue on its own. It should take
somewhere around 10 minutes, depending on the number of electrodes.
Unloading the Sample:
1. Once the writing is complete, the sample can be taken out. Before the chamber can be
vented, the e-beam needs to be run down. Right click the green checks and select
“shutdown.” If another sample will be loaded for another writing process after the current
one is unloaded, “beam off” can be selected instead. This way, the filament won’t have to
warm up for an hour before it can be used again, but this should not be left on if it won’t
be used right away.
2. Once running down is complete, put on gloves and repeat steps 2 through 6 from
“loading the sample,” only unload the sample holder and place it back in the glass case.
3. Return the glass case with the sample holder to the fume hood in the cleanroom.
Development of the Photoresist:
1. Wearing gloves, locate the beaker of 1:3 MIBK:IPA solution from the cabinet under
the fume hood. Pour a small amount, enough to immerse the silicon chip into the small
beaker labeled 1:3 MIBK:IPA.
2. Using tweezers, transfer the sample from the sample holder to the small beaker. Keep
it immersed for 1 minute, agitating lightly.
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3. After a minute, transfer the sample to another beaker and wash it with IPA for another
minute.
4. Blow-dry the sample with the nitrogen gun and transfer it to a sample case.
5. Dispose of the used chemicals in the proper receptacle.
6. Take the developed samples back to the PixeLink microscope. Check to make sure the
developed photoresist came out in the desired pattern. If there are gaps in the electrodes
or other mistakes, another writing process may have to be undertaken, or the photoresist
may have to be washed away to start from scratch.
(Note: To wash off the unexposed photoresist, immerse the sample in a small beaker of
acetone heated to 55 degrees C and wait a couple minutes, making sure to agitate it as
little as possible. Wash of the acetone by immersing it in IPA, then blow it dry with
nitrogen. It is very easy to wash off graphene when it is immersed in a liquid, so don’t be
surprised if the flake is completely destroyed in this process.)
7. If everything looks satisfactory, take pictures as necessary.
Evaporation and Liftoff:
Evaporation can be done using the machines in Birck, and the use of such machines is not
covered in this manual. To be trained in their use, contact Dave Lubelski at
lubelski@purdue.edu. When evaporating, the electrodes should consist of 50-200nm of
gold on top of 5nm of chromium. Once evaporated, the liftoff procedure is very similar to
cleaning unexposed photoresist.
1. Immerse the evaporated samples into an acetone bath heated to 55 degrees C. The time
in this bath can vary, but it should take 5 to 10 minutes at least. Make sure to cover the
top of the acetone beaker during this process or the acetone could fully evaporate,
possibly ruining the sample in the process. Also, agitate the sample as little as possible, as
it is very easy to wash it away.
2. After 5 to 10 minutes, check the sample. If the majority of the gold is peeling away, it
is pretty much done. While the sample is still immersed in acetone, help the gold peel
away with tweezers until the only gold left is the electrode pattern.
3. Wash away the acetone by immersing the sample in IPA, then blow it dry with
nitrogen.
4. Check the sample under the PixeLink microscope to make sure the gold is fully lifted
off and no other mistakes occurred. Correct as necessary and take pictures of your newly
created graphene device.
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Other Skills
Working in teams/collaborations
My current research group currently has around 15 members and we all work well
together and collaborate on or help with each other’s projects. Additionally, I am
currently contributing in 2 separate collaborative projects with other universities
and Argonne National Labs.
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Management
I own a board game publishing company, where I spend time managing artists,
designers, manufacturers and shipping agents to deliver my products to customers.
As a senior member of my research group, I am also sometimes tasked with
training younger members to perform various tasks and use scientific equipment.
Additionally, I also spent a semester in charge of the entertainment division of my
undergraduate daily student newspaper, where we consistently put out a quality
product.
Communication
A background in journalism has significantly improved my communication skills,
both written and verbal, through interviewing sources and writing concise stories
that convey the maximum amount of useful information.
Logical analysis/problem solving
In my research, I am constantly faced with complications and obstacles which I
must overcome. I also hone these skills regularly in my free time creating and
playing various complex tactical and economic tabletop games.
Programming
I have experience in Labview, C, Root and Action Script 3 programming, all of
which I was able to pick up and use quickly
Creativity
My free time is also occupied with various creative development projects. A
board game I designed had a very successful pre-sale on Kickstarter.com.
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television news packages
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Reporting Intern – Report on and write stories for the newspaper’s main news
desk
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